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Abstract
The crystalline iron-based nanowires encapsulated by multiwalled carbon nanotubes have
been the subject of numerous studies owing to the range of potential applications. The
presence of α-Fe (bcc)/γ-Fe(fcc) junctions offers the possibility of exploitation of the
exchange bias effect, an interfacial magnetic phenomenon that plays a major role in
magnetocaloric cooling, spintronic and high-density magnetic storage devices. This work
is concerned with the synthesis and microstructural characterization of Fe-based and NiFe
nanowires encapsulated by multiwall carbon nanotube radial structures. The known at-
tributes of these structures are well matched to the magnetocaloric application. The
primary aim of this work was to determine the unknown microstructural details of the
encapsulated nanowire that are of relevance to the magnetocaloric application (junction
types, location and orientation relative to the nanotube axis). The secondary aim was to
explore the modification of the synthesis route to promote desirable attributes. This is
the first report of α-Fe/γ-Fe sequential junctions and α-Fe/Fe3C concentric junctions in
encapsulated Fe-based nanowires. The presence of α-Fe/γ-Fe junctions was inferred from
the observation of α-Fe nanowires terminated by a ∼100 nm length γ-Fe crystallites of
larger diameter. The α-Fe/Fe3C junctions exhibit the Bagaryatski orientation relation-
ship: [110 ]bcc‖[100 ]orth. The degree of substrate roughness was found to be a means of
tailoring details of the structure and composition of the encapsulated nanowires. NiFe
encapsulated nanowires were found to contain crystallites of α-NiFe, γ-NiFe and Ni3Fe
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1.1 Scanning electron micrograph of a typical individual radial structure com-
prising Fe-based nanowires encapsulated by multiwalled carbon nanotubes.
(B) Transmission electron micrograph of an individual encapsulated nanowire
typically continuous for several micrometres [1]. . . . . . . . . . . . . . . 26
1.2 Schematic diagram of a magnetic-refrigeration cycle, which transfers heat
from the heat load to its surroundings. Yellow and green depict the mag-
netic material in low and high magnetic fields, respectively. Initially ran-
domly oriented magnetic moments are aligned by a magnetic field, result-
ing in heating of the magnetic material. This heat is then removed from
the material to its surroundings by a heat-transfer medium. On removing
the field, the magnetic moments randomize, which leads to cooling of the
magnetic material below the ambient temperature. Heat from the system
to be cooled can then be extracted using a heat-transfer medium. De-
pending on the operating temperature, the heat-transfer medium may be
water (with antifreeze) or air, and for very low temperatures, helium [2]. 29
1.3 A schematic diagram showing a horizontal shift of hysteresis loop due to
exchange coupling between ferromagnetic and antiferromagnetic spins at
the junction (interface) [3]. . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.1 Structure of single-walled carbon nanotubes (a-d) and multiwalled carbon
nanotubes (e,f ). (a) shows a schematic of an individual chiral SWCNT.
(b) shows a cross-sectional view (TEM image) of a bundle of SWNTs
[transverse view shown in (d)]. Each nanotube has a diameter of ∼ 1.4
nm, the tube-tube distance in the bundles is 0.315 nm. (c) Shows a high-
resolution TEM micrograph of a 1.5 nm diameter SWCNT. (e) is the
schematic of a MWCNT and (f) shows a high resolution TEM image of
an individual MWCNT. The distance between horizontal fringes (layers of
the tube) in (f) is 0.34 nm (close to the interlayer spacing in graphite) [4]. 34
2.2 Detail of the SWCNT structure showing translation vector T, chiral vector
Ch, and Bravais lattice vectors a1 and a2 [5]. . . . . . . . . . . . . . . . . 35
2.3 Schematic diagram of a typical CVD reactor used for the growth of empty
carbon nanotubes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
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2.4 (a) Sandwich-like molecular stucture of ferrocene (b) and its view as 3D
model [6]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.5 Setup for solid-source CVD system. Ferrocene is sublimated in the pre-
heater zone and is transported via carrier gas to the main reaction zone
where precursor decomposes and the formation of carbon nanotubes occurs. 38
2.6 Schematic diagrams of growth mechanism for CNTs [7, 8]. (a) Shows the
tip growth mechanism in which catalyst particle has weak adhesion with
the substrate surface and catalytic decomposition of hydrocarbons occurs
under an exothermic process at the upper surface of the metal particle.
The increase in temperature and carbon concentration at the top of the
particle deforms and subsequently detaches it from the substrate during
this process. The carbon now diffuses to the colder side of the particle and
precipitates to form the CNT shells. (b) Shows the base growth mechanism
in which catalyst particle has strong adhesion with the substrate surface
and initial catalytic decomposition of hydrocarbons and carbon diffusion
occurs similar to the tip growth case, but the carbon precipitation fails to
push the metal particle up; so the graphitic shells are compelled to emerge
out from the metal’s apex and the particle remains attached to the substrate. 40
2.7 Schematic diagram showing simultaneous growth process of both nanowire
and the nanotube. (A) shows a slow growth stage. The graphitic walls at
the open tip react with carbon from the vapour feedstock. In (B) a bigger
catalyst particle comes in contact with the open tip and the fast growth
stage is initiated. (C) The CNT grows fast and the pressure caused by the
graphitic walls deforms the catalyst particle to encapsulate. In stage (D)
an encapsulated section is formed. If the catalyst material supply stops
then the slow growth stage continues [9]. . . . . . . . . . . . . . . . . . . 41
2.8 (A) Scanning electron micrograph showing surface-grown vertically-aligned
arrays of iron-based nanowires encapsulated by MWCNTs. (B) Transmis-
sion electron micrograph showing the central nanowire encapsulated by
MWCNTs. (C) The corresponding fast Fourier transform taken from the
micrograph [9]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
2.9 (left): Scanning electron micrograph of an individual radial structure com-
prising Fe-based nanowires encapsulated by multiwalled carbon nanotubes
departing from a central particle, (right): Transmission electron micro-
graph of small particles observed in the central particle of the radial struc-
ture. Inset: selective area electron diffraction pattern obtained from one of
the spherical particles. The orange circles indicate a lattice spacing of 0.25
nm corresponding to the (200) plane of Fe3C with space group (Pnma).
The blue circles indicate a lattice spacing of 0.11 nm corresponding to the
(303) plane of Fe3C with space group (Pnma). The green circles indicate
the spots corresponding to the (002) lattice planes of graphite with spacing
0.33 nm [10]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
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2.10 A schematic diagram describing the sequence of the radial structure for-
mation in boundary layer chemical vapor synthesis; the pyrolysed metal-
locene flow is horizontal over the rough substrate using Ar-gas with flow
rate of 12.5 ccm; spherically encapsulated nanocrystals rapidly nucleate
and agglomerate at the boundary between laminar and viscous flow (dot-
ted black lines represent the symmetry of diffusion gradients); peripheral
nanocrystals are elongated by supply of feedstock species from the incom-
ing vapour, these nucleate the growth of the radial nanotubes; the growth
of the radial structure is driven by the diffusion gradient at the nanotube
tips; the growth time in the boundary layer is determined by the com-
petition between attractive forces from the substrate and thermophoresis;
growth is halted by contact with the isothermal substrate [10]. . . . . . . 44
2.11 Volumeteric expansion of pure iron [11]. . . . . . . . . . . . . . . . . . . 47
2.12 The Fe-C phase diagram [12]. . . . . . . . . . . . . . . . . . . . . . . . . 47
2.13 A shifted hysteresis observed by Meiklejohn and Bean showing the Ex-
change bias phenomenology resulted due to antiferromagnetic and ferro-
magnetic coupling at 77 K [13]. . . . . . . . . . . . . . . . . . . . . . . . 51
2.14 High-resolution transmission electron micrographs of single crystals iron-
based nanowires encapsulated by multiwalled carbon nanotubes. (a) The
lattice fringes of α-Fe and the corresponding fast Fourier transform. (b)
Showing the encapsulated γ-Fe located at the tip of the nanotube and fast
Fourier transform of the high-resolution TEM image [14]. . . . . . . . . . 52
2.15 (a,b) TEM images and (c,d) corresponding selected area electron diffrac-
tion pattern depicting the existence atypical γ-Fe nanowires inside CNTs
at room temperature. The identified zone axis in SAED patterns (c) and
(d) are indexed as those seen along the [310] and [211] directions of the
γ-Fe lattice. The (002) spots is originated from the shielding graphitic
layers of the nanotubes [15]. . . . . . . . . . . . . . . . . . . . . . . . . . 53
2.16 High-resolution transmission electron micrograph of a crystalline Fe-based
nanowire encapsulated by MWCNTs and the corresponding selective area
electron diffraction pattern (top right inset), showing single crystal γ-Fe
and the (002) lattice planes of γ-Fe are parallel to the tube axis [16]. . . 54
2.17 α-Fe/Fe3C concentric (coaxial) junction in Fe-based nanowires encapsu-
lated by multiwalled carbon nanotubes [17]. . . . . . . . . . . . . . . . . 54
2.18 The nickel-iron (NiFe) binary phase diagram [18]. . . . . . . . . . . . . . 57
3.1 Schematic diagram of the horizontal CVD reactor used for the synthe-
sis of the radial structures and scanning electron micrograph of a typical
roughened quartz substrate. . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.2 A temperature profile of the first 30 cm distance of the furnace measured
from the entrance in the direction of the Ar flow. . . . . . . . . . . . . . 61
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3.3 Schematic diagram showing the sequential arrangement and temperature
of the roughened quartz substrates. . . . . . . . . . . . . . . . . . . . . . 62
3.4 Scanning electron micrographs of the of the low- and high-multiscale rough-
ness quartz substrates labelled A and B, receptively. . . . . . . . . . . . . 63
3.5 (A) Schematic diagrams of the horizontal CVD reactor used for the syn-
thesis of NiFe radial structures and (B) shows the post-synthesis quenching
process. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
3.6 Schematic diagram showing Bragg’s diffraction; Incoming X-rays of wave-
length λ incident at an angle θ are diffracted from the atomic planes of a
crystal with lattice spacing d and undergo constructive interference [19]. . 66
3.7 Schematic diagram of X-ray diffractometer, in which X-rays incident on
the crystalline sample are Bragg reflected. The sample is rotated by θ on
a goniometer and detected by the detector at 2θ [20]. . . . . . . . . . . . 67
3.8 Overview of various signals generated when a high-energy electron beam
interacts with a thin specimen inside an electron microscope. Most of
these indicated signals can be detected in an SEM or TEM depending on
the sample thickness. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
3.9 Schematic overview of the SEM column [21]. . . . . . . . . . . . . . . . . 70
3.10 Schematic diagrams showing a comparison between a transmission electron
microscope (TEM) (a) and an optical microscope (OM) (b) [22]. . . . . . 73
3.11 Comparison of the use of an objective aperture in TEM to select (A) the
direct or (B) the scattered electrons forming bright field (BF) and dark
field (DF) images respectively [23]. . . . . . . . . . . . . . . . . . . . . . 75
3.12 Schematic of the HAADF detector setup for Z-contrast imaging in a STEM.
The conventional ADF and BF detectors are also shown along with the
range of electron scattering angles gathered by each detector [23]. . . . . 78
3.13 Schematic diagram of the MPMS SQUID magnetometer showing antenna:
signal-to-flux converter, SQUID: flux-to-voltage converter, and the elec-
tronics for voltage amplification [24]. . . . . . . . . . . . . . . . . . . . . 80
3.14 Schematic of the superconducting pick-up coil with 4 windings [24]. . . . 80
3.15 Schematic of the superconducting pick-up coil with 4 windings [24]. . . . 81
4.1 (A-B) Scanning electron micrographs of a quartz substrate before and
after the synthesis. (A) is the SEM image showing the rough surface of
the quartz substrate presented in the inset before synthesis. (B) showing
the ensemble of radial structures deposited on the substrate shown in the
inset after synthesis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
4.2 Scanning electron micrograph of an ensemble of radial structures deposited
on the roughened quartz substrate. . . . . . . . . . . . . . . . . . . . . . 85
4.3 Scanning electron micrograph of a typical individual radial structure [1]. 86
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4.4 Typical X-ray diffractogram data (red), Rietveld refinement (green), and
difference (purple) for a powder extracted from the reactor. Arrows de-
note the crystal planes attributed to each intensity peak. The encapsu-
lated phases were analysed in terms of the following components of α-Fe
(Im3̄m, Crystal Open Database Ref. 1100108), γ-Fe (Fm3̄m, Crystal
Open Database Ref. 9008469), and Fe3C (Pnma, Crystal Open Database
Ref. 16593). The relative weight abundances of these phases are 75% of
cubic α-Fe, 15% cubic γ-Fe and 10% of orthorhombic Fe3C. The cubic
Fe3O4 (space group Fd3̄m, ICSD Chemical Database Ref. 84098) con-
tent results from spontaneous oxidation of non-encapsulated iron particles
when the powder is handled in air, this constitutes less than ten percent
of the total sample weight. The lower angle graphitic carbon peak, (1)C,
corresponding to the 002 reflection from graphite (space group P63/mmc,
ICSD Chemical Database Ref. 53781), originates from reflections from
the graphitic walls of the multiwall carbon nanotubes, inter-wall spacing
0.34 nm. The second graphitic peak, (2)C, corresponds to the lattice spac-
ing 0.33 nm (002 peak of graphite hexagonal P63/mmc, ICSD Chemical
Database Ref. 52230) of the graphitic shell of the spherical particles that
comprise the core of the radial structures, [10]. . . . . . . . . . . . . . . . 87
4.5 (A) Scanning electron micrograph of the encapsulated Fe-based nanowires,
(B) is the corresponding energy dispersive x-ray spectra (EDX) of the re-
gion within the blue rectangle in (A). The Si peak in the spectra originates
from the quartz substrate. . . . . . . . . . . . . . . . . . . . . . . . . . . 89
4.6 Transmission electron micrograph showing the micrometer long Fe-based
nanowires encapsulated by multiwalled carbon nanotubes detached from
a radial structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
4.7 Transmission electron micrograph showing 6 µm long continuous α-Fe
nanowire encapsulated by MWCNTs. The selective area electron diffrac-
tion patterns (A-D) are taken from the 160 nanometer image-plane areas
indicated by the broken circles (A-D). The identified zone axis in each of
the diffraction pattern is α-Fe [111 ]bcc. The 002 C indicates the reflection
from the graphitic layers of multiwall carbon nanotubes. . . . . . . . . . 91
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4.8 Transmission electron micrograph of an encapsulated α-Fe nanowire show-
ing a slight variation in crystallographic orientations relative to the nan-
otube axis. The SAED patterns were obtained with smallest selective area
aperture at three consecutive points close to the tip of a radial nanotube,
upper left; the image-plane electron beam area of diameter 160 nm is in-
dicated by the broken circle centred on the point. The highlighted zone
axes are indicated in each figure: (A) α-Fe [0 1̄1 ]bcc, (B) α-Fe [0 1̄1 ]bcc, and
(C) α-Fe [111 ]bcc. The orientation of the (110) planes are approximately
parallel relative to the 002 C planes and the nanotube axis. The reflections
labelled 002 C and 004 C are from the graphitic carbon walls of the encap-
sulating nanotube; the inter-wall spacing calculated from these reflections
is the one typical for the inter-planer separation in graphite, namely 0.34
nm, and agrees with that calculated from the Bragg peak labelled 1(C) in
Figure 4.4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
4.9 (A) Transmission electron micrograph of an encapsulated α-Fe nanowire
exhibiting a slight twist in the crystallographic orientation relative to the
nanotube axis. (B) The selective area electron diffraction pattern was
obtained using smallest selective area aperture with image-plane area of
diameter 160 nm is indicated by the broken circle in (A). The highlighted
zone axis is indicated as α-Fe [111 ]bcc with space group (Im3̄m). The
orientation of the (1 1̄0) plane is roughly parallel relative to the 002 C plane
and the nanotube axis The reflection labelled as 002 C is from the graphitic
carbon walls of the encapsulating nanotube; the inter-wall spacing of 0.343
nm was calculated from 002 C reflections corresponds to a typical inter-
planner separation in graphite, and agrees with that calculated from the
Braggs peaks labelled as 1(C) in Figure 4.4. The 002 C inter-planer spacing
is indicated in the HRTEM image in (C) taken from the area within the
small rectangle inside the broken circle. The α-Fe reflections from (1 1̄0)
plane correspond to the lattice spacing of 0.203 nm and (2̄11) correspond
to 0.118 nm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
4.10 Transmission electron micrograph of the continuous Fe3C nanowire encap-
sulated by multiwalled carbon nanotube and the insets are the selective
area electron diffraction patterns taken from the area within the broken
circles of 160 nm area of the nanowires. The identified zone axis are: (A)
Fe3C [1̄3̄2 ] , (B) Fe3C [0 1̄0 ], and (c) Fe3C [0 1̄0 ]. . . . . . . . . . . . . . 95
4.11 Transmission electron micrograph of the γ-Fe nanowire encapsulated by
multiwalled carbon nanotube at room temperature and on the right is
the selective area electron diffraction pattern taken from the area within
the broken circle of 160 nm area of the nanowire. The highlighted zone
axis is γ-Fe [101 ]fcc with a space group of (Fm3̄m). The indicated 002 C
reflections originated from the graphitic layers of the MWCNTs. . . . . . 96
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4.12 Temperature profile of the first 30 cm of the furnace operated at 990
◦C used for the synthesis of radial structure using sequentially arrange
substrates at three different thermal locations with corresponding temper-
atures at these locations have been indicated. The 878 ◦C, 921 ◦C and
944 ◦C shows the temperature of the mid points of the three substrates,
respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
4.13 Typical X-ray diffractograms data (red), Rietveld refinement (green), and
difference (purple) for powder extracted from quartz substrates located
at 878 ◦C, 921 ◦C and 944 ◦C of the CVD reactor. Arrows denote the
reflections from the crystal planes attributed to each intensity peak. (A)
The relative weight abundances of the encapsulated phases are 51% of
cubic α-Fe (Im3̄m), 11% cubic γ-Fe (Fm3̄m) and 38% of orthorhombic
Fe3C (Pnma). (B) The relative weight abundances of the encapsulated
phases are 71% of α-Fe, 14% of γ-Fe and 15% of Fe3C.(C) The relative
weight abundances of the encapsulated phases are 75% of α-Fe, 25% of
γ-Fe and 0% of Fe3C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
4.14 Scanning electron micrograph of an ensemble of radial structures deposited
on a roughened quartz substrate. . . . . . . . . . . . . . . . . . . . . . . 101
4.15 Typical X-ray diffractogram data (red), Rietveld refinement (green), and
difference (purple) for a powder extracted from the reactor. Arrows de-
note the crystal planes attributed to each intensity peak. The encapsu-
lated phases were analysed in terms of the following components of α-Fe
(Im3̄m, Crystal Open Database Ref. 1100108), γ-Fe (Fm3̄m, Crystal
Open Database Ref. 9008469), and Fe3C (Pnma, Crystal Open Database
Ref. 16593). The relative weight abundances of these phases are 56%
of cubic α-Fe, 41% cubic γ-Fe and 3% of orthorhombic Fe3C. The cubic
Fe3O4 (space group Fd3̄m, ICSD Chemical Database Ref. 84098) con-
tent results from spontaneous oxidation of non-encapsulated iron particles
when the powder is handled in air, this constitutes less than ten percent
of the total sample weight. The lower angle graphitic carbon peak, (1)C,
corresponding to the 002 reflection from graphite (space group P63/mmc,
ICSD Chemical Database Ref. 53781), originates from reflections from
the graphitic walls of the multiwall carbon nanotubes, inter-wall spacing
0.34 nm. The second graphitic peak, (2)C, corresponds to the lattice spac-
ing 0.33 nm (002 peak of graphite hexagonal P63/mmc, ICSD Chemical
Database Ref. 52230) of the graphitic shell of the spherical particles that
comprise the core of the radial structures, [10]. . . . . . . . . . . . . . . . 102
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4.16 Transmission electron micrograph of an encapsulated nanowire; the image-
plane electron beam area of diameter 160 nm is indicated by the broken
circles centred on the points A-C. The image shows contrast variation
along the length of nanowire. The highlighted zone axes are indicated in
each figure: (A) γ-Fe [110 ]fcc, (B) α-Fe [111 ]bcc and (C) α-Fe [111 ]bcc. The
white arrow indicates the likely position of the α-Fe/γ-Fe junction between
points A and B in the internal cavity of the nanotube. The 002 C reflections
of the graphitic nanotube walls correspond to an inter-wall spacing of 0.34
nm which agrees with that value calculated from the Bragg peak labelled
1(C) in Figure 4.15. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
4.17 (I) Transmission electron micrograph of an encapsulated nanowire; the
image-plane electron beam area of diameter 160 nm is indicted by the
broken circle centred on the points A-C., the image showing contrast vari-
ation along the nanowire, (II) the dark-field image that confirming the
polycrystalline nature of the nanowire and is taken around [00 2̄] spot ap-
pearing in (B), and (III) γ-Fe crystallite with ∼100 nm length having a
convex end, and the white arrow indicating the region of constriction in
the internal cavity. The highlighted zone axes are indicated in each figure:
(A) α-Fe [111 ]bcc, (B) α-Fe [100 ]bcc, (C) γ-Fe [011 ]fcc. The white arrows
indicate the likely position of the α-Fe/γ-Fe junction between points B
and C. The black arrows indicate the grain boundary between the same
phase; α-Fe [111 ]bcc and α-Fe [100 ]bcc. The 002 C and 004 C reflections of
the graphitic nanotube walls correspond to an inter-wall spacing of 0.34
nm which agrees with that value calculated from the Bragg peak labelled
1(C) in Figure 4.15. The multiple spots labelled 002 C in (A) are likely to
be a consequence of the irregular outer diameter of the nanotube at this
position. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
4.18 (a) High-resolution TEM image of the α-Fe/γ-Fe junction, and correspond-
ing Fast Fourier transformations obtained from left (b) and right (c) sides
of the junction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
4.19 Transmission electron micrograph showing an encapsulated nanowire con-
taining a α-Fe/γ-Fe junction in a region of a constriction in the internal
cavity of the nanotube indicated by the black arrow. The cavity diameter
at the constriction is 18 nm and the diameter of the γ-Fe crystallite far
from the junction is 28 nm; the image-plane electron beam area of diam-
eter 160 nm is indicated by the broken circle centred on the points A and
B. The highlighted zone axes are indicated in each figure: (A) γ-Fe [310 ]fcc
and (B) α-Fe [100 ]bcc. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
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4.20 Upper left, transmission electron micrograph of an encapsulated nanowire;
the SAED patterns obtained from the three areas centred on points A-
C are given corresponding labels on the following images. The high-
lighted zone axes are indicated in each Figure: (A) α-Fe [110 ]bcc, (B)
Fe3C [100 ]orth and α-Fe [110 ]bcc, and (C) α-Fe [110 ]bcc obtained after tilt-
ing by 2◦. The white and orange text in (B) connect highlighted spots
associated with the Fe3C [100 ]orth and α-Fe [110 ]bcc orientations, respec-
tively. Orange arrows in the upper part of both (A) and (C) α-Fe [110 ]bcc
is pointing to the Fe3C reflections similar to (B) Fe3C [100 ]orth. . . . . . 108
4.21 X-ray diffractogram data (red), Rietveld refinement (green), and difference
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Chapter 1
Introduction
1.1 Nanowires encapsulated by carbon nanotubes
A carbon nanotube (CNT) is a tubule-like structure of carbon atoms having a diam-
eter in the order of nanometers and length in micrometers. A single-walled nanotube
(SWCNT) can be visualized as a rolled-up single graphene sheet (single layer of carbon
atoms) to form a hollow cylinder [26], while multiwalled carbon nanotubes (MWCNTs)
can be visualized as concentric graphene cylinders of different diameters [27]. Since dis-
covery by Sumio Iijima in 1991 [27], CNTs have extensively been investigated in different
fields of fundamental and applied science, owing to their exceptional structural diversity,
thermal, elastic, mechanical and electrical properties [28, 29]. The cylindrical cavity of
CNT offers a remarkable opportunity for encapsulating nanoscale materials. The possi-
ble encapsulation of transition metals Fe, Ni and Co, including their alloys, by weakly
diamagnetic MWCNTs advantageously prevents oxidation and mechanical degradation
of the encapsulated magnetic nanowire, thus ensuring long-term stability of the metallic
core [1, 30–32].
For more than a decade, iron-based nanowires encapsulated by MWCNTs have been in-
tensively investigated by many research groups due to their remarkable structural and
magnetic properties [1, 10, 33, 34]. The commonly observed crystalline phases in Fe-
24
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based nanowires are α-Fe (bcc), Fe3C (orthorhombic), and the unexpected metastable
phase γ-Fe (fcc). Much effort has been devoted in realising continuous, single-phase
ferromagnetic nanowires and tuning of the magnetic response through the magnetocrys-
talline and shape anisotropies [33, 35–37]. At the same time, encapsulation of NiFe alloy
nanowires has attracted significant interest owing to potential usefulness of the crystalline
γ-NiFe (fcc) phase [34, 38, 39]. The γ-NiFe phase due to its low thermal expansion is
not only interesting but also showing soft magnetic properties with enhanced saturation
magnetization, low coercivity (hysteresis loss) and tunable Curie temperatures render it
one of the most promising candidates for near room temperature magnetocaloric refrig-
eration, microwave absorption and magnetic hyperthermia cancer therapy applications
[1, 34, 38, 40].
1.2 Carbon nanotube radial structures
The production of carbon nanotube radial structures using boundary layer chemical
vapour synthesis has recently been reported [10]. The microstructural analysis of this
particular structure and the nanowires composition distinguish this work from the previ-
ously reported work on carbon nanotubes and encapsulated nanowires. A typical example
of an individual carbon nanotube radial structure is shown in Figure 1.1 (A), and ex-
ample of an encapsulated nanowire which is typically continuous for several micrometres
is shown in Figure 1.1 (B) [1]. Detail description of boundary layer chemical vapour
synthesis and the radial structure formation is provided in Chapter 2 section 2.3.
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Figure 1.1: Scanning electron micrograph of a typical individual radial structure comprising
Fe-based nanowires encapsulated by multiwalled carbon nanotubes. (B) Transmission electron
micrograph of an individual encapsulated nanowire typically continuous for several micrometres
[1].
1.3 α-Fe/γ-Fe junctions
The spatial distribution of phases in encapsulated Fe-based nanowires may result in the
formation of junctions. Junctions between the ferromagnetic phases, α-Fe and Fe3C, and
a possible antiferromagnetic phase of γ-Fe, within a single nanowire offers the possibility
of exploitation of the exchange bias effect, an interfacial magnetic phenomenon character-
ized by sensitivity of the magnetic moment to external field [41]. Its signature, a shifted
hysteresis loop, was observed in Fe-based nanowires encapsulated by carbon nanotubes
by Prados et al.; these authors concluded the exchange coupling between α-Fe/γ-Fe, fer-
romagnetic/antiferromagnetic junctions [33, 42]. However, a later study attributed the
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shifted hysteresis loop to the presence of disordered surface spins in the nanowires [35].
Two types of interfacial arrangement of the junctions relative to the nanotube axis have
been identified by these studies: (i) sequential crystallites along the axis of the nanowire,
and (ii) concentric cylinders of α-Fe, γ-Fe, and Fe3C with axes parallel to that of the
nanotube [33, 37, 43, 44]. It is important to mention that, the distribution model pro-
posed by Prados et al. and Marco et al., which is inferred from Mössbauer spectroscopy
and magnetization measurements, comprises α-Fe core surrounded by γ-Fe and finally
by a Fe3C outer layer in contact with the graphitic walls of the nanotube [33, 43]. To
the best of our knowledge, no microscopic studies of the junctions between the phases in
the encapsulated nanowires have been reported.
The magnetic state of γ-Fe at room temperature is uncertain although an antiferromag-
netic state below 100 K was inferred by Prados et al. and Marco et al. [33, 42, 43]. It
is also worth to point out that the magnetic nature of γ-Fe is strongly dependent on its
lattice parameter, which can be affected by the dilute carbon alloying [45–47]. Therefore,
controlling the γ-Fe lattice parameter is an important factor for the applications where
antiferromagnetic γ-Fe is the ultimate requirement. Theoretically, γ-Fe with lattice pa-
rameter a < 3.6 Å is antiferromagnetic [45]. Surprisingly, reports of the antiferromagnetic
state of γ-Fe do not also report the lattice parameter [33, 42, 43].
At standard atmosphere pressure (100 kPa), bulk γ-Fe is stable only in the temperature
range 912 ◦C to 1394 ◦C [11]. The unexpected presence of γ-Fe in encapsulated nanowires
at room temperature has been attributed to the suppression of the γ→ α phase transition
by confinement within the highly elastic graphitic walls of the carbon nanotube (elastic
modulus circa 1 TPa) [33, 43, 48, 49]. Using Gibbs free energy arguments, Kim et al.
suggested the presence of γ-Fe is due to a 1.5 GPa pressure exerted on the nanowire
by the nanotube resulting from a 9% volume expansion that accompanies the γ → α
phase transition in iron [49, 50]. The presence of this internal pressure has been assumed
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without experimental justification [14, 15].
1.4 Motivation
Growing energy demands and threat to the global environment is a vital challenge to cope
with. The waste disposal of chlorofluorocarbon (CFC) and freon refrigerators, based on
air to air vapor-compression cooling systems are certainly one of the major causes of the
environmental pollution and particularly ozone degradation [51–53]. Moreover, the solid
phase magnetic refrigerant material is expected to be highly environment-friendly, ren-
dering better energy efficiency to the refrigeration systems with producing much better
cooling [51–53]. Therefore, the search for economical nanoscale materials with promis-
ing structural attributes and potential magnetic features for exhibiting magnetocaloric
properties near room temperature is essential. This will enable the current refrigeration
systems to switch toward a new magnetic refrigeration technology. Materials exhibiting
magnetocaloric properties are mainly concerned with the thermal response (heating or
cooling) to an applied varying magnetic field, which results due to the ordering of mag-
netic moments within the material with the help of an external magnetic field [51–53].
Figure 1.2 shows a schematic diagram of the magnetic refrigeration cycle showing the
heat-transfer from the heat load to its surroundings based on the adiabatic demagne-
tization phenomenon. In this phenomenon the ordering of magnetic domains causes a
decrease in the magnetic entropy which is a component of the total entropy [54]. This
decrease in magnetic component is compensated by an increase in the other components
of the total entropy to produce magnetic cooling. Detailed discussion on thermodynamics
of magnetocaloric refrigeration is presented in Ref. [54].
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Figure 1.2: Schematic diagram of a magnetic-refrigeration cycle, which transfers heat from
the heat load to its surroundings. Yellow and green depict the magnetic material in low and
high magnetic fields, respectively. Initially randomly oriented magnetic moments are aligned
by a magnetic field, resulting in heating of the magnetic material. This heat is then removed
from the material to its surroundings by a heat-transfer medium. On removing the field,
the magnetic moments randomize, which leads to cooling of the magnetic material below the
ambient temperature. Heat from the system to be cooled can then be extracted using a heat-
transfer medium. Depending on the operating temperature, the heat-transfer medium may be
water (with antifreeze) or air, and for very low temperatures, helium [2].
Until now, Gadolinium (Gd) and its composites are the best magnetic refrigerant mate-
rials, which exhibit magnetocaloric properties near room temperature [51–53, 55]. The
magnetic and thermodynamics Gd-based composites are influenced by the crystal struc-
ture of these materials [51]. The significantly high cost of these materials offer hindrance
to switch toward new refrigeration technology on commercial basis.
Our interest in studying encapsulated Fe-based and NiFe nanowires was motivated due
to the fact that these nanoscale materials are the most economical and our synthesis
method has the up-scaling potential to easily produce several grams of these materials.
Furthermore, the motivation for the radial structures synthesis and their microstructural
characterization is rooted in the inherent tendency of micrometer long encapsulated Fe-
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based nanowires to have the spatial distribution of α-Fe/γ-Fe junctions. These junctions
are promising for the exchange coupling between the two phases α-Fe and γ-Fe when γ-Fe
is in the antiferromagnetic state [33, 42, 43]. Therefore, they have potential usefulness
for demonstrating novel functionalities at the nanoscale, which either of the individual
iron phases is unable to exhibit. In addition, high density of α-Fe (ferromagnetic)/γ-Fe
(antiferromagnetic) junctions are important to observe an obvious shift in hysteresis loop








Figure 1.3: A schematic diagram showing a horizontal shift of hysteresis loop due to exchange
coupling between ferromagnetic and antiferromagnetic spins at the junction (interface) [3].
The observation of this phenomenon is reported below 100 K indicating the existence
of antiferromagnetic γ-Fe at very low temperatures [33, 42, 43]. Room temperature γ-
Fe in the antiferromagnetic state can make this phenomenon possible to occur at room
temperature. The radial morphology facilitates the access to individually encapsulated
nanowire and also provides sufficient surface area for heat dissipation.
High density of α-Fe/γ-Fe junctions is the mean to increase the sensitivity of the mo-
ment to the external magnetic field which could also be useful for the magnetocaloric and
microwave absorption applications. In addition, the magnetic properties of the encapsu-
lated junctions will be helpful in understanding the implications and origin of magnetic
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anisotropies in exchange bias effect.
Previously, non-encapsulated NiFe alloy nanoparticles have been identified to exhibit low
curie temperature and its usefulness for magnetocaloric refrigeration application has been
envisaged [40]. The magnetic properties of NiFe nanowires encapsulated by MWCNTs
can be tuned by relative concentration of Ni into Fe [56]. Concentration dependent
tunability features of NiFe nanowires can make this nanoscale material promising for
microwave absorption at a wide spread frequency.
1.5 Aim
The primary aim of this work was to determine the unknown microstructural details of
the encapsulated Fe-based and NiFe nanowires that of relevance to the magnetocaloric
application. These details include; spatial distribution of encapsulated phases, location
and junction types, and magnetic state of γ-Fe and accurate measurement of its lattice
parameter. The secondary aim was to explore modification of the synthesis route to
promote the desirable attributes of the radial structures.
1.6 Thesis outline
This thesis is organized as follows:
Chapter 1 is an introduction to the overall content of this thesis.
Chapter 2 is a literature review of the synthesis methods, properties and applications of
Fe-based and NiFe nanowires encapsulated by multiwalled carbon nanotube structures.
Chapter 3 is a brief description of the experimental methods, techniques, physical prin-
ciples and chemicals used in this study. The first part of this chapter focuses on the
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boundary layer chemical vapor synthesis, the second part on the details of the character-
ization techniques used in this study.
Chapter 4 contains the experimental results and discussion. This section focuses on
attempts made to achieving high content γ-Fe and the subsequent observation of α-
Fe/γ-Fe junctions contained in Fe-based nanowires encapsulated by multiwalled carbon
nanotube radial structures. The role of substrate roughness in boundary layer synthesis
is also studied. The synthesis and microstructural study of NiFe nanowires encapsulated
by multiwalled carbon nanotube radial structures is also presented in the same chapter.
Magnetization measurements of Fe-based nanowires are also provided in this chapter.
Chapter 5 contains the overall conclusions that follow from this work.
Chapter 6 contains suggestions for future work.
Chapter 2
Literature review
In this chapter, a brief literature review of the various concepts related to carbon nan-
otubes, growth mechanism, structural and magnetic properties of the encapsulated nanowires
is presented.
2.1 Carbon nanotubes
The lattice configuration of an individual SWCNT can be described with reference to
Figures 2.1 and 2.2. SWCNTs are characterised by the way the graphene wall is wrapped
in the direction of chiral vector Ch = na1+ma2, where a1 and a2 are the graphitic Bravais
lattice vectors and n and m are integers [57]. T is the translation vector parallel to the
axis and the chiral angle θ is in between a1 and Ch. The chiral vector Ch determines
the circumference of the nanotube and differing values of n and m lead to different
types of nanotube structures. For m= 0, the nanotubes are labelled zigzag. If n= m,
the nanotubes are labelled armchair. Otherwise, they are labelled chiral. In terms of
chiral angle, θ= 0◦ for zigzag tubes and θ= 30◦ for armchair tubes (see Figure 2.2). A
turbostratic stacking of graphene sheets has been suggested for MWCNTs [58]. The
reported wide d002 spacing, 0.34 nm, is due to the fact that adjacent graphitic sheets




Figure 2.1: Structure of single-walled carbon nanotubes (a-d) and multiwalled carbon nan-
otubes (e,f ). (a) shows a schematic of an individual chiral SWCNT. (b) shows a cross-sectional
view (TEM image) of a bundle of SWNTs [transverse view shown in (d)]. Each nanotube
has a diameter of ∼ 1.4 nm, the tube-tube distance in the bundles is 0.315 nm. (c) Shows
a high-resolution TEM micrograph of a 1.5 nm diameter SWCNT. (e) is the schematic of a
MWCNT and (f) shows a high resolution TEM image of an individual MWCNT. The distance
between horizontal fringes (layers of the tube) in (f) is 0.34 nm (close to the interlayer spacing
in graphite) [4].
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Figure 2.2: Detail of the SWCNT structure showing translation vector T, chiral vector Ch,
and Bravais lattice vectors a1 and a2 [5].
2.2 Chemical vapour deposition of transition-metal
nanowires encapsulated by multiwalled carbon
nanotubes
Chemical vapour deposition (CVD) is a widely used method for the production of
nanowires encapsulated by carbon nanotubes. The reaction process can be initiated
by heat (in thermal CVD), UV radiation (photo-assisted CVD) or plasma (plasma en-
hanced CVD) [59]. Previously, other synthesis methods have also been employed for
synthesis of CNTs, such as arc discharge [60] and laser ablation [61]. These methods
were aiming to synthesize pure and gain fine control over the properties of CNTs with
the ability to produce at large scale. But soon all these methods were dominated by
the CVD due its low cost, simplicity, higher level of control, purity of the yield and its
potential for upscaling to commercial manufacturing prospects [62, 63].
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CVD can be used to synthesise MWCNTs encapsulating nanowires of the elemental
phases, alloys, or carbides of the transition metals. Essentially the synthesis method is
similar to that of the hollow carbon nanotubes (single or multiwalled). In both cases,
synthesis involved the decomposition of hydrocarbon as a precursor at high temperatures








Catalyst + substrate  
Figure 2.3: Schematic diagram of a typical CVD reactor used for the growth of empty carbon
nanotubes
The catalyst is either located on a substrate (Si or SiO2) or is delivered via gas phase along
with the decomposed hydrocarbons using argon (Ar) or nitrogen (N2) as a carrier gas (see
Figure 2.3). The former can be used for the deposition of hollow carbon nanotubes which
only requires hydrocarbons (methane, ethane or others). While the later is known as a
floating catalyst process useful for the growth of carbon nanotubes encapsulating long
nanowires realised by the use of organometallic compounds (metallocenes). Metallocenes
(M(C5H5)2) contain transition metal (M = Fe, Ni and Co) and carbon (C) in a fixed ratio
of 1:10 with a sandwich-like molecular structure having metal at the centre between two
cyclopentadienyl rings. These compounds include ferrocene, cobaltocene and nickelocene,
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and possess a range of convenient temperature for sublimation as well as for thermal
decomposition [9]. The molecular structure of ferrocene as a representative of metallocene
is given in Figure 2.4.
Figure 2.4: (a) Sandwich-like molecular stucture of ferrocene (b) and its view as 3D model
[6].
Transition-metal nanowires encapsulated by MWCNTs are conventionally produced using
two known CVD methods: solid-source CVD (SSCVD) [9, 32, 37, 65, 66] and liquid-source
CVD (LSCVD) [9, 32, 65]. In SSCVD, a solid powder precursor (ferrocene or other
metallocenes) is used, and in LSCVD a liquid precursor hydrocarbon (benzene, toluene
and xylene etc.) in which often metallocenes are dissolved [9, 32, 37, 65–67]. In both
cases, a two-zone horizontal CVD reactor is used. However, LSCVD is not suitable for the
production of transition-metal nanowires encapsulated by MWCNTs owing to the high
excess of carbon during the reaction which predominantly favour hollow carbon nanotubes
encapsulating spherical catalyst nanoparticles (often Fe3C) but no long nanowires [9].
In the following, we will only focus on SSCVD method for the production of transition-
metal nanowires encapsulated by MWCNTs. In this method, metallocene powder in a
quartz boat is sublimated in the preheater zone at a compound-specific temperature (e.g.
for ferrocene, temperature range: 100 ◦C to 200 ◦C). The sublimated metallocene vapour
is transferred in the main reaction zone by a controlled flow of a carrier gas (usually Ar
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or N2), where the decomposition of the metallocene and the subsequent growth of CNTs
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Figure 2.5: Setup for solid-source CVD system. Ferrocene is sublimated in the preheater zone
and is transported via carrier gas to the main reaction zone where precursor decomposes and
the formation of carbon nanotubes occurs.
It has been proposed that the decomposition of the metallocenes into transition metal
(M) e.g. elemental iron (Fe), hydrocarbon and hydrogen species inside a quartz tube
reactor initiates near 550 ◦C [9].
M(C5H5)2 −−→ M + H2 + CH4 + C5H6 + ....... (2.1)
The choice of sublimation temperature is vital to determine and regulate the sublimation
rate in combination with amount of metallocene transferred into the reaction zone using
the carrier gas flow. The growth temperature for Fe-based nanowires encapsulated by
MWCNTs typically varies between 750 ◦C and 1100 ◦C [64].
For the synthesis of NiFe nanowires encapsulated by MWCNTs, LSCVD method have
been mostly employed. Usually, a mixture of power ferrocene (Fe(C5H5)2) and nicke-
locene (Ni(C5H5)2) dissolved in a solvent (benzene, xylene etc.) and is transferred to
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the reaction zone via aerosol spray using Ar or H2 as a carrier. The transferred vapour
thus contains two catalyst (Fe and Ni) instead of a single catalyst (Fe) for synthesis of
encapsulated NiFe alloys nanowires [34, 38, 68].
The growth mechanism of the nanowires encapsulated by carbon nanotubes is a phe-
nomenological description deduced from the experimental observations to explain differ-
ent types of observed carbon nanotube structures and composition of the encapsulated
nanowires [9]. Therefore the knowledge and understanding of growth mechanism is un-
der continuous development and several modifications were discussed during the last two
decades. However, the widely-accepted selected features of growth mechanism often ex-
plained in terms of adhesion force between the catalyst particle and the substrate, are
useful for understanding the synthesis of nanowires encapsulated by carbon nanotubes
by the CVD method [69–73].
There are two major growth mechanisms used to describe the catalytic growth process
of CNTs [7, 8, 74–76]: (i) tip growth and (ii) base growth (Figure 2.6 (a) and (b)). In
tip growth mechanism, the catalyst particle is located at the tip of the growing nanotube
(Figure 2.6 (a)) and in base growth mechanism, the catalyst particle resides at the bottom
of the growing nanotube in contact with the substrate (Figure 2.6 (b)).
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Figure 2.6: Schematic diagrams of growth mechanism for CNTs [7, 8]. (a) Shows the tip
growth mechanism in which catalyst particle has weak adhesion with the substrate surface
and catalytic decomposition of hydrocarbons occurs under an exothermic process at the upper
surface of the metal particle. The increase in temperature and carbon concentration at the top
of the particle deforms and subsequently detaches it from the substrate during this process. The
carbon now diffuses to the colder side of the particle and precipitates to form the CNT shells.
(b) Shows the base growth mechanism in which catalyst particle has strong adhesion with
the substrate surface and initial catalytic decomposition of hydrocarbons and carbon diffusion
occurs similar to the tip growth case, but the carbon precipitation fails to push the metal
particle up; so the graphitic shells are compelled to emerge out from the metal’s apex and the
particle remains attached to the substrate.
In view of the above growth mechanisms, closely-packed aligned arrays of Fe-based
nanowires encapsulated by MWCNTs self-organise on flat inert substrates when exposed
to a steady flow of the products of ferrocene (Fe(C5H5)2) pyrolysis at high temperature in
a conventional CVD reactor. The thermally decomposed ferrocene comprises elemental
iron, hydrocarbon species, and hydrogen [9]. The iron particles nucleate on the substrate
and catalyse the decomposition of the hydrocarbon species, the released carbon then
dissolves in the iron particles and provides the graphitic surface coating upon saturation
from which the carbon nanotube grows. The continuous supply of vapour feedstock to
the base of the structure or the open tip or both, facilitates the simultaneous growth of
both nanowire and nanotube (see Figure 2.7 and 2.8). Such a growth process is based on
heterogeneous nucleation, that occurs at the catalyst particle/substrate interface. The
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most commonly observed single crystal phases in the encapsulated iron-based nanowires
are Fe3C, α-Fe and γ-Fe [9, 10, 33, 77, 78].
Figure 2.7: Schematic diagram showing simultaneous growth process of both nanowire and
the nanotube. (A) shows a slow growth stage. The graphitic walls at the open tip react with
carbon from the vapour feedstock. In (B) a bigger catalyst particle comes in contact with the
open tip and the fast growth stage is initiated. (C) The CNT grows fast and the pressure
caused by the graphitic walls deforms the catalyst particle to encapsulate. In stage (D) an
encapsulated section is formed. If the catalyst material supply stops then the slow growth
stage continues [9].
Figure 2.8: (A) Scanning electron micrograph showing surface-grown vertically-aligned arrays
of iron-based nanowires encapsulated by MWCNTs. (B) Transmission electron micrograph
showing the central nanowire encapsulated by MWCNTs. (C) The corresponding fast Fourier
transform taken from the micrograph [9].
Here it is important to mention that the main advantage of the catalytic CVD is the
PhD Thesis 42
selective growth conditions, enabling the use of different types of substrates with com-
plex morphologies, e.g. smooth quartz substrates [79], patterned substrates [80], and
roughened substrates [10], which is not the case for arc discharge [60] and laser abla-
tion [61]. Therefore, the use of roughened quartz substrate in a conventional horizontal
CVD method led to the development of a new synthesis method for production of carbon
nanotube radial structures, and is covered in the next section.
2.3 Boundary layer chemical vapour synthesis of Fe-
based nanowires encapsulated by multiwalled car-
bon nanotube radial structures
Recently, Boi et al. demonstrated vapour-phase, homogenously nucleated equivalent
structures through the use of intentionally roughened quartz substrates to produce pow-
ders of Fe-based nanowires encapsulated by multiwalled carbon nanotube structures ra-
dially departed from a central particle [10]. This method, coined boundary layer chemical
vapour synthesis (BL-CVS), is a simple modification of the conventional CVD method in
which the nucleating iron particles are formed in a layer of randomly fluctuating vapour
produced by flowing over a roughened substrate [10, 59]. Consequently, the vapour feed-
stock is driven to the growth front from all directions therefore a radial structure is
produced. These structures comprise multiwalled carbon nanotubes encapsulating iron-
based nanowires departing from a central core which is an agglomeration of spherical
Fe3C nanocrystals individually encapsulated by graphitic shells (see Figure 2.9) [10].
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Figure 2.9: (left): Scanning electron micrograph of an individual radial structure comprising
Fe-based nanowires encapsulated by multiwalled carbon nanotubes departing from a central
particle, (right): Transmission electron micrograph of small particles observed in the central
particle of the radial structure. Inset: selective area electron diffraction pattern obtained from
one of the spherical particles. The orange circles indicate a lattice spacing of 0.25 nm corre-
sponding to the (200) plane of Fe3C with space group (Pnma). The blue circles indicate a
lattice spacing of 0.11 nm corresponding to the (303) plane of Fe3C with space group (Pnma).
The green circles indicate the spots corresponding to the (002) lattice planes of graphite with
spacing 0.33 nm [10].
Thus, the growth mechanism in BL-CVS is initialized by homogeneous nucleation, which
is the principal advantage of BL-CVS over the conventional CVD method to prevent
the catalyst particles from the contamination of the substrate material by avoiding
iron/substrate contact. Therefore, the powder comprises of ensemble of the radial struc-
tures are of higher purity, and achieving better continuity of the encapsulated Fe-based
nanowires than that observed with surface-grown structures in the same reactor condi-
tions [10]. The radial structures are the dominant product and the reaction conditions
are self-sustaining [10]. Recently, we also reported a successful demonstration of NiFe
nanowires encapsulated by carbon nanotube radial structures using a SSCVD, in which
a mixture of solid powders of Fe(C5H5)2 and Ni(C5H5)2 is sublimated in a quartz boat
(maximum temperature of ∼ 180 ◦C) and is transferred via Ar into the reaction zone at
990 ◦C [1].
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Figure 2.10: A schematic diagram describing the sequence of the radial structure formation in
boundary layer chemical vapor synthesis; the pyrolysed metallocene flow is horizontal over the
rough substrate using Ar-gas with flow rate of 12.5 ccm; spherically encapsulated nanocrystals
rapidly nucleate and agglomerate at the boundary between laminar and viscous flow (dotted
black lines represent the symmetry of diffusion gradients); peripheral nanocrystals are elongated
by supply of feedstock species from the incoming vapour, these nucleate the growth of the radial
nanotubes; the growth of the radial structure is driven by the diffusion gradient at the nanotube
tips; the growth time in the boundary layer is determined by the competition between attractive
forces from the substrate and thermophoresis; growth is halted by contact with the isothermal
substrate [10].
Boi et al. proposed a growth model of the complete radial structure formation (Figure
2.10) [10]:
(i) The random fluctuations in the boundary layer create thermodynamic conditions
for spontaneous formation of metal or metal-carbon particle in the vapour.
(ii) The carbon feedstock is driven to the particle by the resultant diffusion gradient
and the subsequent dissolution of carbon in the particle occurs.
(iii) Formation of the graphitic carbon shells is initiated when the rate of arrival of the
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carbon feedstock exceeds the rate of dissolution.
(iv) Subsequently the diffusion of internal carbon is driven to the surface by endother-
mic formation of the graphitic shells but it ceases when the stable Fe3C spherical
nanocrystal composition is reached.
(v) These spherical encapsulated Fe3C nanostructures rapidly agglomerate to ease the
formation of the central core by creating an inward spherically symmetrical diffusion
gradient for the vapour feedstock (example concentration contours are given by the
dashed lines in Figure 2.10). Peripheral Fe-C particles elongated by the spherical
diffusion gradient provide the instability points from which radial nanotube and
iron-based nanowire growth departs; vapour feedstock is now driven to the growth
front at the tips of the nanotube by a thermal diffusion gradient created by the
proximate endo- and exo-thermal processes.
The reactions were found to be self-sustaining, this has been explained as follows [10]:
(i) The rough surface creates randomly fluctuations in the boundary layer between the
roughened surface and the laminar vapour flow.
(ii) The uniform diameter of the central agglomeration and radial structure suggests
that nucleation occurs at the laminar-viscous interface since this is the realm of weak
fluctuations and uniform feedstock supply from the global flow; after nucleation,
the spherically symmetric diffusion gradients define the local feedstock supply to
the nanotubes which serve to damp the local fluctuations in the boundary layer,
subsequent radial structure formation in the boundary layer is therefore uniform.
Attractive forces on the radial structure due to the proximity of the rough surface
are greater than the thermophoretic forces so the structure migrates to the rough
surface. The period of migration therefore dictates the diameter of the radial
structure. Once the radial structure comes in contact with the surface, the growth
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process switches-off because the isothermal surface equilibrates the temperature
gradients at the tips. The roughness of the radial-structure deposits replicate the
pristine rough surface and consequently the growth conditions are reproduced.
2.4 Volume expansion and stability of γ-Fe
As discussed in section 2.2 that the commonly observed single-crystal phases in the en-
capsulated iron-based nanowires are Fe3C (orthorhombic), α-Fe (bcc) and γ-Fe (fcc)
[9, 10, 33, 77, 78]. The unexpected presence of γ-Fe at room temperature has been at-
tributed to the suppression of the γ→α phase transition by confinement within the highly
elastic graphitic walls of the carbon nanotube (elastic modulus circa 1 TPa) [33, 43, 49].
At one standard atmosphere pressure (100 kPa), bulk γ-Fe is stable only in the temper-
ature range 912 ◦C to 1394 ◦C [11]. Kim et al. used Gibbs free energy approximation
arguments to suggest that the presence of γ-Fe in the encapsulated nanowire is due to a
1.5 GPa pressure exerted on the nanowire by the nanotube resulting from a 9% volume
expansion that accompanies the γ→α phase transition in iron [49, 50]. The presence
of this internal pressure has been assumed without experimental justification but this
unexpected presence of γ-Fe phase at room temperature is generally attributed to the
pressure-induced encapsulation by the MWCNTs [14, 15, 81]. In addition, the details
of the 9% volume expansion associated with the γ→α phase transition in the Fe-based
nanowires have not been provided by Kim et al. [49, 50]. In bulk this expansion is less

















Figure 2.11: Volumeteric expansion of pure iron [11].
Figure 2.12: The Fe-C phase diagram [12].
According to the iron-carbon phase diagram (see Figure 2.12), α-Fe (bcc) is stable below
727 ◦C. The transition of α-Fe (bcc) to γ-Fe (fcc) starts at ∼ 727 ◦C and is complete at
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temperatures ∼ 1000 ◦C. This means that if the synthesis is performed at temperatures
∼ 1000 ◦C, the main phases involved in the CNTs nucleation and growth will be γ-Fe
and Fe3C. However during the cooling process, the majority of the γ-Fe (fcc) phase will
revert to the α-Fe (bcc) and Fe3C (orthorhombic) phase (at room temperature), while the
metastable Fe3C could decompose into α-Fe and and graphitic carbon in a slow process,
which is thermodynamically stable at room temperature [12, 25, 37, 77, 82]. In contrast,
Heresanu et al. suggested the use of rapid cooling process to freeze the Fe3C crystals
inside the MWCNTs [83].
Table 2.1: Changes of the lattice parameter, the shortest interatomic distance and the specific
volume (i.e. volume per atom) for pure iron upon the transition α-Fe (bcc)→ γ-Fe (fcc) at 912
◦C and at standard pressure (≈1 atm) [25].
The ability of carbon to alloy with γ-Fe is high owing to the large diameter of the octa-
hedral interstices (0.52 Å) where carbon atoms can be introduced [84, 85]. Dilute carbon
alloys of γ-Fe are stable at room temperature [86]. The physical properties of carbon-free
γ-Fe at room temperature can be extracted by extrapolating the carbon concentration
dependence to zero solute content [86]. The lattice parameter for γ-Fe at room temper-
ature extracted in this way is 3.556 Å (atomic volume 11.241 Å3). Interstitial carbon
does not significantly influence the magnetic moment of bulk γ-Fe but does affect surface
anisotropy [87]. But carbon incorporation does impact on the overall magnetic properties
through an increase in the lattice parameter and the volume per atom relative to unal-
loyed γ-Fe [86]. Although the magnetic phenomena associated with carbon incorporation
are well-known, there has been no discussion in the context of Fe-based nanowires encap-
sulated by carbon nanotubes. The dilute carbon alloying concentration can be estimated
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by using Vegard’s law; a linear relationship between the lattice parameter and carbon
concentration given below
a = 3.556 + 0.044x (2.2)
where x= wt. % carbon, and a is the γ-Fe lattice parameter [46, 47].
2.5 Magnetic properties and applications of Fe-based
nanowires encapsulated by multiwalled carbon
nanotubes
The magnetic properties of Fe-based nanowires encapsulated by multiwalled carbon re-
mained a central focus of research for more than a decade owing to the envisaged potential
applications such as magnetic hyperthermia cancer therapy, magnetocaloric refrigeration,
microwave absorption, magnetic sensors, probes for magnetic force microscopy and many
others [1, 9, 10, 32, 33, 35]. The encapsulation of the Fe-based nanowires by the weakly
diamagnetic MWCNTs is to isolate an individual nanowire, to ensure the long-term
chemical and mechanical stability [1, 30–32, 88]. However, the metal-carbon interface
influences the structural and magnetic properties of the nanowire [33, 89]. Various re-
ports have shown that the magnetic properties of the nanotube encapsulated Fe-based
nanowires differ from those of bulk samples or other low-dimensional systems such as
small spherical particles and thin films [9, 10, 32, 33, 35]. The commonly observed en-
capsulated phases inside the Fe-based nanowire includes; ferromagnetic α-Fe (bcc) and
Fe3C (orthorhombic), and the possible antiferromagnetic γ-Fe (fcc) [9, 10, 32, 33, 35].
The magnetic properties of Fe-based nanowire are dependent on crystal anisotropy along
certain preferential directions. The magnetic properties of α-Fe, which is ferromagnetic
in nature, strongly depends on the axial shape anisotropy [90] while, that of Fe3C are
strongly dependent on the magnetocrystalline anisotropy [90, 91]. The graphitic layers of
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the MWCNT are weakly diamagnetic at T<50 K [92]. The coercivity of these nanostruc-
tures appears to be strongly dependent on the alignment [37], the magnetocrystalline
anisotropy [17, 90, 91, 93], the nanowire diameter, and the spatial-distribution of the
encapsulated phases inside the nanotubes [33, 43]. The saturation magnetization of a
powder comprising of MWCNT encapsulating α-Fe, γ-Fe (fcc) and Fe3C are dependent
mainly on the content of α-Fe [37, 66].
Recently, Kumari et al. reported Fe3C encapsulated by MWCNTs as permanent cylin-
drical nanomagnets exhibiting exotic magnetic properties [94]. Whereas Guo et al. re-
ported the observation of large coercivity (1400 Oe) in the Fe3C nanowires encapsulated
by MWCNT radial structures [95].
The γ-Fe (fcc) was inferred as antiferromagnetic due to the observation of a shifted
hysteresis loop, which led the authors to conclude the existence of α-Fe (ferromagnetic)/γ-
Fe (antiferromagnetic) junctions in their sample [33, 42, 43]. This shift in hysteresis
is a signature of an interesting phenomena called an exchange bias effect, Figure 2.13
[13, 33, 41, 96, 97]. This effect was first reported by Meiklejohn and Bean in 1956 [13].
Afterwards, different theoretical models have been so far proposed for the understanding
of this effect [13, 41, 96, 97].
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Figure 2.13: A shifted hysteresis observed by Meiklejohn and Bean showing the Exchange
bias phenomenology resulted due to antiferromagnetic and ferromagnetic coupling at 77 K [13].
On the other hand, Karmakar et al. investigated the randomly oriented samples of Fe-
based nanowires encapsulated by MWCNTs containing a negligible fraction of γ-Fe, and
concluded that γ-Fe may not be the only antiferromagnetic component causing exchange
bias effect, rather this effect has been attributed to the presence of disordered surface
spins [35]. In contrast, Mühl et al. observed no shift in the hysteresis loop even with
the presence of a large γ-Fe content along with α-Fe in their sample of aligned Fe-based
nanowires encapsulated by MWCNTs. Their study suggested negligible coupling between
α-Fe and γ-Fe at low-temperature [89]. γ-Fe has been reported to be antiferromagnetic
at low temperature below 100 K [33], and paramagnetic state at room temperature was
inferred from Mössbauer spectroscopy [44, 98, 99].
Moreover, a theoretical study of bulk γ-Fe by Kaufman et al. in the 1960s pointed to
the possibility of two different possible magnetic states: the low spin (antiferromagnetic
state) and the high spin (ferromagnetic state) dependent on the lattice parameter and
atomic volume (volume per atom). This study predicted lattice parameters of 3.54 Å
(atomic volume 11.090 Å3) associated with the antiferromagnetic state (0.5 µB/atom)
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and 3.64 Å (atomic volume 12.057 Å3) with the ferromagnetic state (2.8 µB/atom) at
room temperature [45]. Another study, using local-spin-density approximation conducted
two decades later, predicted γ-Fe to be antiferromagnetic, ferromagnetic, or nonmagnetic
depending on lattice parameters, crystallite size, and surface atom coordination [100].
2.6 Spatial distribution of encapsulated phases
Two types of spatial distribution of encapsulated phases along the nanotube axis have
been inferred from Mössbauer spectroscopy and magnetization measurements: (i) se-
quential, and (ii) concentric [33, 37, 42–44].
A concentric model was proposed by Prados et al. and Marco et al. in which α-Fe single
crystals act like a core that is surrounded by γ-Fe and then Fe3C single crystals [33, 42, 43].
This model provides sufficient surface contact of α-Fe and γ-Fe for the expectation of a
significant shift in hysteresis due to strong exchange coupling. Leonhardt et al. proposed
a different model in which γ-Fe concentrations were found to be higher near the tips of
the nanotubes and this is the similar result obtained by Ruskov et al. which showed that
γ-Fe was near the nanowire surface [37, 44]. Müller et al. also reported the microscopic
observation of γ-Fe located at the tip of the nanotube (see Figure 2.14 (b)).
Figure 2.14: High-resolution transmission electron micrographs of single crystals iron-based
nanowires encapsulated by multiwalled carbon nanotubes. (a) The lattice fringes of α-Fe and
the corresponding fast Fourier transform. (b) Showing the encapsulated γ-Fe located at the tip
of the nanotube and fast Fourier transform of the high-resolution TEM image [14].
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In contrast to Prados et al., Karmakar et al. observed a small fraction of γ-Fe with
a spatial distribution and suggested that such fraction of γ-Fe and configuration may
not be enough to understand exchange bias effect [35]. Recently, Boi et al., reported
the presence of a small fraction of γ-Fe at the tips of the radial structured MWCNTs
inferred from the saturation magnetisation [10]. This is also in agreement with the reports
of Leonhardt et al., Müller et al. and Ruskov et al. [14, 37, 44]. While studying the
atomic structure of the encapsulated Fe-nanowires, Golberg et al. reported the existence
of atypical crystallites of γ-Fe nanowires. The crystal planes exhibited exact orientation
relative to the nanotube axis but this orientation is not specific. A variety of γ-Fe crystal
planes parallel to the nanotube walls, such as (111), (331), (220), was found to exist
(Figure 2.15) [15].
Figure 2.15: (a,b) TEM images and (c,d) corresponding selected area electron diffraction
pattern depicting the existence atypical γ-Fe nanowires inside CNTs at room temperature.
The identified zone axis in SAED patterns (c) and (d) are indexed as those seen along the
[310] and [211] directions of the γ-Fe lattice. The (002) spots is originated from the shielding
graphitic layers of the nanotubes [15].
Zhang et al. reported the observation of single crystal γ-Fe nanowires encapsulated
by MWCNTs [16]. The (002) crystal planes of γ-Fe are being oriented parallel to the
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nanotube axis (Figure 2.16) [16].
Figure 2.16: High-resolution transmission electron micrograph of a crystalline Fe-based
nanowire encapsulated by MWCNTs and the corresponding selective area electron diffraction
pattern (top right inset), showing single crystal γ-Fe and the (002) lattice planes of γ-Fe are
parallel to the tube axis [16].
A microscopic observation reported by Morelos-Gómez et al., in which splitting or dou-
bling of the diffraction spots (see Figure 2.17) was attributed to the existence of concentric
(coaxial) volumes of α-Fe and Fe3C [17]. However, this effect could be resulted from the
contact between sequential crystallites over an area that is a significant fraction of that
of the probing electron beam.
Figure 2.17: α-Fe/Fe3C concentric (coaxial) junction in Fe-based nanowires encapsulated by
multiwalled carbon nanotubes [17].
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2.7 Microstructure and applications of NiFe nanowires
encapsulated by multiwall carbon nanotubes
Nickel-iron alloys are of great commercial interest owing to their soft magnetic and ther-
mal expansion properties. The understanding of microstructure of the crystalline NiFe
alloys is not only important due to their presence in meteorites and also in the core of
earth but they are economically advantageous compared to other materials considered for
magnetocaloric refrigeration applications [101, 102]. A decade ago, these alloys have been
identified for temperature compensator applications due to their low Curie temperature
[18]. Therefore, efforts have been devoted to investigate the microstructural properties
of these alloys [38, 39, 68, 103–105].
In particular, metastable γ-NiFe (fcc) alloy have attracted the attention of the researchers
as an alternative candidate for the room temperature magnetocaloric refrigeration ap-
plications owing to its high efficiency and reduced cost aiming to lessen and eliminate
dependence on rare-earth materials [38, 39, 68, 103–105]. In order to achieve this goal,
alloys of transition metals (Fe, Ni and Co) have been investigated to replace the rare-
earth metals [103]. The economic viability of NiFe alloys and its potential for scalable
production along with the competitive magnetocaloric properties make it a promising
candidate for the magnetocaloric refrigeration applications.
Miller et al. and McNerny et al. investigated γ-NiFe (fcc) nanostructures with tunable
Curie temperatures down to 78 ◦C led the authors to conclude that γ-NiFe would impact
applications requiring low-temperature range like magnetic hypothermia cancer therapy
and polymer curing [104, 105]. In an overview on nanocrystalline γ-NiFe carried out by
Ucar et al., it has been pointed out that a good understanding of surfaces and interfaces
is important for determining the role of exchange bias effect and will eventually impact
on the magnetocaloric refrigeration applications near room temperature [102]. Recently,
Ucar et al. reported the γ-NiFe alloy with tunable Curie temperatures exhibiting mag-
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netocaloric properties near room temperature (≈ 333 K) [40]. This provides a reasonable
ground to emphasize on the microstructural analysis of the NiFe alloys and in particular
the γ-NiFe.
Owing to the envisaged potential applications based on excellent structural and magnetic
properties, NiFe alloy nanowires encapsulated by MWCNTs attracted significant inter-
ests of the researchers in the past decade [1, 34, 39]. The advantage of carbon nanotube
encapsulation of NiFe nanowires, provides an effective shielding against oxidation and
mechanical degradation, ensuring long-term stability to retain intrinsic crystalline prop-
erties of the nanowires [1, 30–32, 34, 56]. The commonly observed encapsulated phases
reported in NiFe nanowires are α-NiFe (bcc) and γ-NiFe (fcc) [38, 39, 68]. The Curie
temperature of NiFe alloys can be easily tuned by changing the relative concentration of
Ni and Fe [106, 107].
Recently, the presence of Ni3Fe alloy nanoparticles encapsulated by graphene nanocom-
posites exhibiting ferromagnetic magnetic properties have been reported [108]. In ad-
dition, radial structures comprising of FeCo nanowires have been produced using with
multiple metallocene (ferrocene and cobaltocene) vapour in boundary layer chemical
vapour synthesis [95].
According to the Ni-Fe phase diagram (Figure 2.18), Ni rich alloy Ni3Fe formation takes
place during the slow cooling process and at low temperatures, Figure 2.18. Ni3Fe
nanowires possess slightly larger magnetic moment compared to α-NiFe and γ-NiFe [86].
PhD Thesis 57
Figure 2.18: The nickel-iron (NiFe) binary phase diagram [18].
Crystalline nickel-iron alloy nanowires encapsulated by multiwalled carbon nanotubes are
an important class of nanostructure materials of great technological importance owing
to the already identified potential applications such as microwave absorption, magnetic
shielding and a medium for hydrogen absorption due to their remarkable structural and
magnetic properties [109–111].
In conclusion, little effort has been devoted to the microscopic studies of the encapsulated
NiFe nanowires and a limited literature is available on the microstructural details of




In conclusion, BL-CVS is a simple method based on a self-organized growth mechanism
for carbon nanotubes. The principal reasons to consider radial structures for magne-
tocaloric refrigeration applications rather than surface-grown aligned nanotubes are;
(i) The method of synthesis is promising for mass production.
(ii) It does not require ultrafine-control over the synthesis parameters.
(iii) The nanowires are continuous on the scale ∼9 µm (at least one order of magnitude
greater than can be achieved by conventional methods).
(iv) The proven alloying abilities of transition metals (Fe and Ni), an alternative route
to tune the magnetic properties of the composite system.
(v) Have the greater possibility of creating multiple α-Fe/γ-Fe junctions.
(vi) The greater surface to volume ratio of radial structure morphology makes it a promis-
ing candidate for magnetocaloric refrigeration application.
Chapter 3
Experimental methods
In this chapter, a brief description of experimental methods and techniques used in this
work is presented.
3.1 Synthesis
The BL-CVS method was used to synthesize Fe-based and NiFe nanowires encapsulated
by MWCNT radial structures [10]. The radial structures were produced by flowing
metallocene vapour over a roughened quartz substrate at an elevated temperature in a
horizontal CVD reactor. The source and purity of metallocenes used: ferrocene 98%,
Fe(Cp)2 (Aldrich Prod. No. F408), and nickelocene 98%, Ni(Cp)2 (Aldrich Prod. No.
N7524), where Cp is the cyclopentadienyl ligand. A schematic diagram of the CVD
reactor is provided in Figure 3.1. This quartz-tube reactor had the following dimensions;
length: 2 m, outer diameter: 22 mm, inner diameter: 19 mm, wall thickness: 1.5
mm. The first part of the reactor is a preheater zone where 70-80 mg of metallocene
powder was sublimated at a maximum temperature of 180 ◦C using a preheater coil
and subsequently driven by argon to the main reaction zone of the furnace. The radial
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Figure 3.1: Schematic diagram of the horizontal CVD reactor used for the synthesis of the
radial structures and scanning electron micrograph of a typical roughened quartz substrate.
A temperature profile measured inside the quartz tube for the first 30 cm from the
entrance of the furnace is given in Figure. 3.2. A scanning electron micrograph of the
multiscale roughened quartz substrate used to create randomly fluctuating vapour in the
reaction zone is given at the top right of Figure. 3.1. The roughness with a peak-to-valley
distance of ∼ 100 µm was achieved using a conventional diamond-saw tool. The duration
of the synthesis was typically three to five minutes measured from the switching on of
the pre-heater to the complete sublimation of the metallocene powder.
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Figure 3.2: A temperature profile of the first 30 cm distance of the furnace measured from
the entrance in the direction of the Ar flow.
3.1.1 Synthesis of high γ-Fe-content nanowires
For achieving high γ-Fe-content inside Fe-based nanowires encapsulated by multiwalled
carbon nanotube radial structures, synthesis was performed by sublimating 70-80 mg of
powder ferrocene only, creating a vapour flow over three sequentially arranged roughened
quartz substrate at elevated temperatures in a horizontal CVD reactor given in Figure
3.3. The three roughened quartz substrates were placed at different locations within the
reactor at corresponding temperatures of 878 ◦C, 921 ◦C and 944 ◦C (Figure 3.3). In
this experiment, the optimum location for production of high γ-Fe-content nanowires was
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found by a trial-and-error process. After the synthesis was completed the reactor was
cooled to room temperature at the natural rate of the furnace (2 ◦C/min). The radial
structures were found to have a weak adhesion with the substrates and could easily be
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Figure 3.3: Schematic diagram showing the sequential arrangement and temperature of the
roughened quartz substrates.
3.1.2 Substrate preparation and testing growth model
The influence of substrate roughness on the growth mechanism and microstructure of ra-
dial structures was investigated by a comparative study using quartz substrates low- and
high-roughness (see Figure 3.4). Two types of roughened quartz substrates with multi-
scale roughness were prepared to test the proposed growth model for radial structures
formation. The high-roughness of the quartz substrate with a peak-to-valley distance of
∼ 100 µm was achieved by using a conventional diamond-saw and the low-roughness of
the quartz substrate with a peak-to-valley distance of ∼ 25 µm was achieved by sand-
blasting. These two low- and high-roughness quartz substrates (see Figure 3.4) have been
exposed to the vapour flow of pyrolyzed ferrocene driven by Ar, at identical thermal loca-
tions (T = 910◦C) in a horizontal CVD reactor in two separate experiments. Each time,
70 mg of the ferrocene was sublimated in the preheater zone (T = 180◦C) to create the
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vapour source and then transporting to the reaction zone using Ar flow at the rate of
12.5 ccm. The duration of the reactions was measured to be 3 minutes. The reactor was







Figure 3.4: Scanning electron micrographs of the of the low- and high-multiscale roughness
quartz substrates labelled A and B, receptively.
3.1.3 Synthesis of encapsulated NiFe nanowires
For the synthesis of encapsulated NiFe nanowires, a 100 mg mixture of powder ferrocene
and nickelocene in the ratio (1:1) was sublimated to create an Ar driven vapour flow over a
single roughened quartz substrate at an elevated temperature in horizontal CVD reactor
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illustrated in Figure. 3.5 (A). The source and purity of metallocenes used: ferrocene
98%, Fe(Cp)2 (Aldrich Prod. No. F408), and nickelocene 98%, Ni(Cp)2 (Aldrich Prod.


















Figure 3.5: (A) Schematic diagrams of the horizontal CVD reactor used for the synthesis of
NiFe radial structures and (B) shows the post-synthesis quenching process.
After synthesis, the reactor was cooled down to 700 ◦C at its natural rate and then
annealed at this temperature for 1 hour followed by a quench (rapid cooling to room
temperature) by sliding the furnace along its mounting rail in the direction of Ar flow
(see Figure. 3.5 (B)).
3.2 Characterisation
Scanning electron microscopy (SEM), X-ray diffraction (XRD), transmission electron
microscopy (TEM), aberration corrected (scanning) transmission electron microscopy
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((S)TEM) were used to analyse the morphology, phase composition and microstructure
of the Fe-based and NiFe nanowires encapsulated by MWCNTs. Energy dispersive X-ray
spectroscopy (EDX) was used for chemical composition and acquiring elemental maps
of the crystalline NiFe nanowires. A quantum design magnetic property measurement
system (MPMS) magnetometer combined with superconducting quantum interference
device (SQUID) was used for magnetic characterization.
3.2.1 X-ray diffraction
(i) Basic Principle
X-rays are high-energy electromagnetic radiation of wavelength range 0.01 to 10 nm.
They are produced, when highly accelerated electrons hit a metal target acting as anode
inside X-ray tube [112]. X-rays are diffracted by the atomic planes of a crystal and
produce diffraction pattern because their wavelength λ is typically the same order of
magnitude as the interplanar spacing d of a crystal.
X-ray diffraction is a standard technique to study and determine the atomic and molecular
structure of a crystalline material. Therefore, it is widely used to identify various phases
present in a material, relative abundances of these phases and their corresponding unit
cell parameters. Every crystalline material has a distinct atomic structure and its probing
with X-rays exhibit a characteristic diffraction pattern comprising of peaks. The peak
positions are used to determine the unit cell parameters and the d values. These structural
details are essential for identification of the elemental phases such as α-Fe (bcc) and γ-Fe
(fcc).
Figure 3.6 is a schematic diagram showing Bragg’s diffraction. X-rays of wavelength λ is
incident on the atomic planes of a crystal with interplanar spacing d at an angle θ, the






Figure 3.6: Schematic diagram showing Bragg’s diffraction; Incoming X-rays of wavelength λ
incident at an angle θ are diffracted from the atomic planes of a crystal with lattice spacing d
and undergo constructive interference [19].
The waves elastically scattered from parallel atomic planes encounters a phase difference
of multiple integer numbers of wavelengths. These waves mutually interfere construc-
tively, and peaks formation take place in the diffraction pattern. In order to obtain a
diffraction pattern as a result of constructive interference, the Bragg’s condition must be
satisfied:
2dsin θ = nλ (3.1)
Where n is an integer and the other terms are shown in Figure 3.6.
(ii) Experimental setup and the Rietveld refinements
X-Ray powder diffraction was performed using Siemens (Karlsruhe, Germany) D5000 and
Panalytical (Almelo, Netherlands) X′Pert-Pro diffractometers (both with Cu Kα radia-
tion with λ = 0.154 nm) on powder directly extracted from roughened quartz substrates.
A schematic diagram of the diffractometer is shown in Figure 3.7. The powder material
was filled in a small disc. The disc sample holder was then placed on the goniometer and
PhD Thesis 67
rotated by an angle θ while the X-Ray detector rotated around it on an arm at 2θ (Figure
3.7). Due to the randomly distributed crystallites in the powder material, ideally, every
possible crystallographic orientation was present in equal amounts in the powder, and
the resulting orientational averaging causes the three-dimensional reciprocal space to be
projected in a one-dimensional 2θ-axis.
Figure 3.7: Schematic diagram of X-ray diffractometer, in which X-rays incident on the
crystalline sample are Bragg reflected. The sample is rotated by θ on a goniometer and detected
by the detector at 2θ [20].
Rietveld refinements [113] of the obtained X-ray diffraction data were performed using the
General Structure Analysis System (GSAS) program [114] with the EXPGUI interface
[115]. The GSAS program based on Rietveld refinement method, which uses the least-
squares approach to fit a theoretical line profile to the diffractogram, was used to identify
and estimate the relative abundances of the encapsulated phases from the area enclosed
by the diffraction peaks.
The function type 1 (shifted Chebyshev polynomial) with 8-12 numbers of terms were
used as background function. Also, the scaling and profile refinement were performed
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to improve the quality of fit. The profile parameters were separately refined and then
fixed. During the Rietveld refinement, the unit cell parameters were often refined to
obtain the best possible fit and the lattice parameters values were extracted for individual
encapsulated phase.
(iii) Difficulties and Limitations of Powder Diffraction
One of the characteristic features of powder diffraction is the collapse and projection of the
three-dimensional reciprocal space of the individual crystallites on the one-dimensional
2θ-axis. There is a systematic overlapping of Bragg’s peaks due to symmetry conditions,
for example in cubic space groups. In addition, accidental overlapping also occurs due to
limited experimental resolution [116]. Therefore, X-ray diffraction provides the averaged
information of the crystal structure of a particular phase and cannot be used as a local
probing technique such as selective area electron diffraction in TEM.
3.2.2 Electron microscopy
This subsection provides a brief description of the various electron microscopy techniques
used in this work. The physical principles of these techniques are also briefly explained.
The electron microscope uses electron-beam instead of light to create an image of the
specimen. In the electron microscope, a high-energy (∼keV) electron-beam interacts with
a thin specimen and a wide range of secondary signals are generated within the microscope
column which after detection can give interesting information of the specimen (Figure
3.8). These indicated signals shown in Figure 3.8 can be detected in SEM or TEM

























Figure 3.8: Overview of various signals generated when a high-energy electron beam interacts
with a thin specimen inside an electron microscope. Most of these indicated signals can be
detected in an SEM or TEM depending on the sample thickness.
For SEM investigations, the employed signals are mainly due to secondary electrons,
backscattered electrons and the characteristic X-rays for energy dispersive X-rays spec-
troscopy. If the specimen of a complex material system is thin enough, the elastically
scattered electrons can be used in a TEM to obtain not only structural information at
atomic scale but also chemical and electronic information.
Scanning electron microscopy
(i) Physical principles
SEM is a technique which uses high-energy focused electron-beam. In SEM the electron-
beam generated by field emission cathode- or thermal emission from heated tungsten
filament is scanned over the specimen, which allows the imaging of the surface. The
entire procedure is known as raster scanning and causes the beam to sequentially cover
a rectangular area on the specimen. The image is built-up using detectors by mapping
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the detected signals with the beam position. The energy of the electrons can be selected
in the range of (100 eV to 30 keV), depending on the aim of the characterization and the
type of material under investigation [117]. A schematic diagram showing the overview of














Figure 3.9: Schematic overview of the SEM column [21].
The difference in kinetic energy of the secondary and backscattered electrons are taken as
an advantage in the SEM. Secondary electron imaging is a common SEM imaging mode,
which uses secondary electrons (low-energy ≤50 eV) ejected from the specimen atoms
within a few nanometers from the sample surface by inelastic scattering of electron-
beam [118]. Once these secondary electrons escape from the surface of the specimen
are then collected by a semiconductor (silicon) detector, for subsequent imaging the
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morphology and topography of specimen. While backscattered electron imaging mode
uses backscattered electrons (high-energy >50 eV) part of the incident beam which are
elastically backscattered (at an angle greater than 90◦) out of the specimen interaction
volume as a result of interaction with the specimen atoms [118]. These electrons provide
information regarding the chemical composition of the target material based on atomic-
number contrast because the cross-section for high-angle elastic scattering is proportional
to the square of atomic number (Z). As the energy of the backscattered electrons is
high enough for the creation of electron-hole pairs in a semiconductor detector and are
therefore detected and counted by the detector, thus allowing image formation on the
screen [117, 119]. Typically, backscattered electron images show contrast due to variations
in chemical composition of a specimen, whereas secondary electron images reflect mainly
its surface topography [117].
(ii) Experimental setup
In this study, SEM investigations were performed using an FEI Inspect F microscope with
accelerating voltage of 20 kV. Some of the preliminary chemical analysis were carried out
using EDX-SEM, which works with the characteristic X-rays emitted from the sample
atoms when the incident beam interacts with the atoms and excitation or ejection of
electrons from the inner-most shells of atoms take place. The characteristic peaks in
EDX-spectra correspond to the presence of particular elements identified in-terms of
atomic number (Z).
(iii) Strengths and limitations of SEM
SEM is a versatile technique used for studying morphology and topography of the sam-
ples, nevertheless, it comes under limitations when a material is investigated aiming to
know whether it is crystalline or amorphous. Although, SEM provides high-resolution
surface imaging of the specimen with a significant thickness which is not possible with
the optical microscopes because the wavelength associated with electrons in SEM is very
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small compared to that of the wavelength of visible light. Due to the significant mass-
thickness of the specimen and low-energy of the electron-beam, SEM is not capable to
unveil the crystal structure and phase-composition of the material, because the elec-
tron beam cannot transmit through the specimen. At higher magnification, the SEM
has a very limited spatial resolution. The latest SEM has an image resolution typically
between 1 and 10 nm, not as good as the TEM but greatly superior to the light micro-
scope. Moreover, SEM images have a relatively large depth of focus: specimen features
that are not exactly in the plane of focus still appear sharp and distinguishable [117].
In case of non-conducting samples, static charges (electrons) are acquired on the surface
of the specimen which influence the electron-beam and deteriorate the image formation.
Therefore, carbon or gold coating is usually required for investigation of such type of
samples.
Transmission electron microscopy
TEM is a powerful technique to investigate the morphology, crystal structure, phase and
elemental composition of the nanoscale materials. In a TEM, electrons penetrate through
a very thin specimen (30-50 nm) and are then imaged by the appropriate electromag-
netic lenses, broadly analogous to the working principle of an optical microscope (OM).
Schematic diagrams showing the comparison of TEM and OM are given in Figure 3.10.
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Figure 3.10: Schematic diagrams showing a comparison between a transmission electron
microscope (TEM) (a) and an optical microscope (OM) (b) [22].
Resolution of the optical microscope is limited by the wavelength of visible light, therefore
atomic-resolution imaging is not possible with an optical microscope. Whereas in TEM
electrons being charged particles are accelerated to achieve wavelength smaller than 1 Å
making it possible to obtain atomic-resolution imaging. The comparison of resolution
between an optical microscope and a TEM can be understood by the Abbe’s equation
[22]:
d = 0.612λ/nsinα (3.2)
where n is the refractive index and its value is 1 in the vacuum of an electron micro-
scope, d is the resolution (minimum distance at which the points can be distinguished
as individuals), α is the half angle of the cone of light from specimen plane received by
the objective (half aperture angle in radians) and λ is the wavelength of the imaging
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radiation.
As the wavelength range of visible light is between 400 nm to 700 nm. Therefore, the
maximum image resolution that can be obtained by light microscopes is about 200 nm.
In case of electrons, the associated wavelength (λ) proposed by Louis de Broglie, which




where h is Planck’s constant (6.626x10−34 J seconds), m is the mass of an electron
(9.1x10−31 kg), e is the charge of an electron (1.6x10−19 coulombs) and V is the acceler-
ating voltage. By considering the relativistic effects, the wavelength of an electron at 100
keV, 200 keV, and 300 keV operating voltages in electron microscopes can be calculated
as 3.70 pm, 2.51 pm and 1.96 pm, respectively. Thus, the sub-angstrom level resolution is
achievable with the TEM. Practically, TEM resolution is limited to ∼1 Å= 0.1 nm due to
various factors, such as the lens aberrations in electron microscopes, and the requirement
of a very thin sample, the drift and the vibrations experienced by the TEM specimens
under the electron-beam, etc.
(i) Bright-field and dark-field imaging
Bright-field imaging is the conventional imaging mode for TEM, in which an electron-
beam is transmitted through a specimen for the image formation, Figure 3.11 (A). The
formation of image results from weakening of the direct beam by its interaction with the
atoms of the exposed specimen [23]. Therefore, mass-thickness and diffraction contrast
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Figure 3.11: Comparison of the use of an objective aperture in TEM to select (A) the direct
or (B) the scattered electrons forming bright field (BF) and dark field (DF) images respectively
[23].
In dark-field imaging mode, the directly transmitted beam is blocked by the horizontally
displaced objective aperture while one or more diffracted beams are allowed to pass
through the objective aperture , Figure 3.11 (B). The strongly diffracting regions of
specimen appear bright relative to their surroundings, thus forming a dark-field image
where any part of the field of view that contains no specimen appears dark [23, 117]. The
detailed theoretical description on the formation of bright- and dark-field images can be
found in several textbooks [23, 117].
(ii) Electron diffraction
The elastic scattering (deflection) of electrons due to the Coulomb field of atomic nuclei
in a crystalline material is called as electron diffraction [117]. The electron diffraction
occurs as the electron beam is diffracted by the crystal lattice at specific angles and a
diffraction pattern is yielded, which is a characteristic of the crystalline material under
investigation.
The distances between the diffraction spots in a diffraction pattern correspond to the
interplanar spacing in the crystalline material and is given by the Bragg’s law:
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2dsin θ = nλ (3.4)
Where λ is the wavelength of the electrons, θ is the angle of incidence with respect
to a set of crystallographic planes, d is the interplanar spacing of the atomic planes
and constructive interference occurs when n is an integer. Using the values of θ and
d with the presence or absence of certain reflections, the crystal structure, phase and
orientation of a specimen can be identified. In case of polycrystalline materials, the
collection of diffraction spots yield rings centered on a bright central spot that represents
the undiffracted electrons. The radii of these rings can also be used to identify the
material investigated, as they correspond to particular atomic planes.
Selective area electron diffraction (SAED) is a local probing technique based on electron
diffraction that limits the exposed region of the material under the electron beam by using
a specific diameter selective area aperture. This gives information about the crystal
structure and the particular phase of the material in that specific location of interest
which is probed. In case of HRTEM, the fast Fourier transform taken from the selected
region of the image is equivalent to selective electron diffraction pattern.
The electron beam intensity used throughout this study was 60-120 pA cm−2. SAED
patterns were taken with the lowest selective area aperture of 10 µm, which corresponds
to an in image-plane area of diameter 160 nm; SAED patterns along different zone axes
were obtained by tilting the samples in the range of -25◦ to +25◦.
(iii) Sample preparation and experimental setup
TEM specimens were prepared by ultrasonication of the as-produced powder of radial
structures in ethanol and pipetting to carbon-coated holey copper grids. The ultrasound
conditions were selected to produce detachment of the radial nanotubes from the central
particle to facilitate TEM access to the full length of the encapsulated nanowire.
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In order to investigate phase composition and junctions between different phases in the
encapsulated nanowires, Bright-field and dark-field TEM images and selective area elec-
tron diffraction (SAED) patterns were collected using a Jeol JEM 2010 transmission
electron microscope operated at accelerating voltage of 200 kV.
(iv) Limitations
TEM is quite a large instrument and very expensive as compared to SEM. Imaging and
diffraction in TEM is limited to sample thickness. Unless the specimen is made very
thin, electrons are strongly scattered or even absorbed in the specimen, rather than
being transmitted. Secondly, with TEM only two-dimensional images of the specimen
are produced whereas SEM produces three-dimensional images of the specimen. The
TEM images are in black and white.
Scanning transmission electron microscopy
STEM in a TEM is now a routine high-resolution technique, which can be operated both
in transmission and scanning imaging mode. A typical STEM is a conventional TEM
equipped with additional scanning coils, detectors and necessary circuits, which allows
it to switch between the STEM and conventional TEM. However, dedicated STEMs are
also manufactured which only works in scanning mode [23].
(i) High-angle annular dark-field imaging
STEM imaging mode uses the elastically scattered electrons [23]. These electrons are
scattered at an angle θ and are detected by either a bright field (θ <10 mrad) or annular
dark field (10 mrad< θ < 50 mrad) (ADF, usually a ring-shaped scintillation detector to
which a photomultiplier is attached) detector, as shown in Figure 3.12 [23]. For electrons
scattered to high-angles (θ >50 mrad), the intensity is nearly proportional to the square
of the atomic number (Z), so that the strong chemical contrast (Z-contrast) is obtained.
This type of imaging is known as a high-angle annular dark field (HAADF) [120]. The
main advantage of HAADF-STEM imaging mode, over the ADF and BF is to avoid
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the Bragg effects, because the HAADF detector only collects those electrons which are
scattered at very high angles (θ >50 mrad). Therefore, the strength of scattering is
not strongly influenced by diffraction. STEM imaging is useful if the specimen is beam
sensitive such as organic nanomaterials because the beam scans over the specimen in
a raster pattern and avoiding long time exposure of the specimen [121]. Therefore, a
scanning beam allows you to precisely control the irradiated region of the specimen and
it is a form of low-dose microscopy [23, 122].
Figure 3.12: Schematic of the HAADF detector setup for Z-contrast imaging in a STEM. The
conventional ADF and BF detectors are also shown along with the range of electron scattering
angles gathered by each detector [23].
(ii) Energy dispersive X-ray spectroscopy
The beam scanning of the specimen in a raster pattern makes STEM suitable for analyti-
cal techniques such as Z-contrast annular dark-field imaging, and spectroscopic mapping
by energy dispersive X-ray (EDX) spectroscopy. EDX uses the characteristic X-rays
emitted from the sample atoms during the bombardment by an electron beam to charac-
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terize the elemental composition of the exposed volume of the specimen. The presence of
elements with an atomic number between 4 (Be) and 92 (U) can be analysed and mapped
with this technique.
(iii) Experimental set-up
High-resolution transmission electron microscopy was performed on a double aberration-
corrected FEI-QU-Ant-EM, using accelerating voltage of 120 kV. Energy dispersive X-ray
spectroscopy was performed using FEI-X-Ant-EM equipped with highly efficient Bruker
EDX system with a collection solid angle close to 1 Sr. High-angle annular dark field
(HAADF) imaging were carried out on a double aberration-corrected FEI-QU-Ant-EM
in scanning mode, using accelerating voltage of 120 kV.
Programs and software
The image acquisition and processing software for analysis of images and diffraction
patterns, used in all the TEM investigations were Gatan Digital Micrograph, ImageJ,
CrystalMaker, CrystalDiffract and SingleCrystal.
3.2.3 Magnetisation
(i) SQUID Magnetometer
A SQUID in combination with the MPMS is one of the most sensitive device for measuring
magnetic properties. This instrument is capable to detect incredibly small magnetic field
in the sample and is able to directly determine the overall magnetic moment of a sample
in absolute units [24, 123].
Figure 3.13 shows a schematic diagram of the SQUID magnetometer. The SQUID con-
sists of two superconductors separated by thin insulating layers to form two parallel
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Figure 3.13: Schematic diagram of the MPMS SQUID magnetometer showing antenna: signal-
to-flux converter, SQUID: flux-to-voltage converter, and the electronics for voltage amplification
[24].
In Figure 3.14, a typical response curve shows the induced voltage between the two
junctions as a periodic function of the change in position of the sample with respect to
the pick-up coil shown in Figure 3.15 [24].








Figure 3.15: Schematic of the superconducting pick-up coil with 4 windings [24].
The SQUID works as a magnetic flux-to-voltage converter (blue in Figure 3.13), therefore,
the variations in magnetic flux ∆Φ through a SQUID antenna (red in Figure 3.13) in
the pick-up coils produces corresponding variations in the SQUID output voltage V .
This voltage is then amplified and read out by the magnetometers electronics (green in
Figure 3.13). In principle, the obtained voltage is proportional to the magnetic moment
of the sample. In a fully calibrated system, measurements of the voltage variations from
the SQUID detector when a sample is moved through the pick-up coils provide a highly
accurate measurement of the sample’s magnetic moment. The sensitivity of the MPMS-7,
as declared by the manufacturer Quantum Design, is 10 to 7 emu [24, 123].
SQUID magnetometer MPMS-7 (Quantum design) allows two types of measurements in
the -1.0 Tesla to 1.0 Tesla range of magnetic fields and 1.75 K to 400 K temperature
range:
1. Measurements of the magnetisation M of the sample as a function of magnetic field
H at a given temperature T
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2. Measurements of the magnetisation M of the sample as a function of temperature
T at a given magnetic field H.
(ii) Magnetization measurements
The magnetization measurements were performed on powder of radial structures removed
from a roughened quartz substrate using a SQUID magnetometer MPMS-7 (Quantum
design) as function of magnetic field and temperature in the range 5 K to 300 K. For
zero-field-cooled (ZFC) measurements, the sample was cooled in zero magnetic field from
room temperature to 5 K. The field-cooled (FC) measurements were performed under a
magnetic field of 100 Oe during cooling from 300 K to 5 K.
Chapter 4
Results and Discussion-I
4.1 Synthesis and microstructural analysis of low and
high γ-Fe-content nanowires
The aim of this work is to first reproduce the low γ-Fe-content (15%) nanowires achieved
by Boi et al. [10], and to analyse the spatial distribution of encapsulated phases. The
second aim is to achieve higher γ-Fe-content nanowires and to perform microstructural
analysis of the spatial distribution of phases and α-Fe/γ-Fe junctions.
4.1.1 Low γ-Fe-content nanowires
Firstly, powder of self-organized radial structures with low γ-Fe-content nanowires was
reproduced using the recently reported boundary layer chemical vapour synthesis route
[10].
The pre-synthesis and post-synthesis scanning electron micrographs of the substrates (see
insets) are presented in Figure 4.1 (A-B). The rough surface of the substrate shown in





Figure 4.1: (A-B) Scanning electron micrographs of a quartz substrate before and after the
synthesis. (A) is the SEM image showing the rough surface of the quartz substrate presented
in the inset before synthesis. (B) showing the ensemble of radial structures deposited on the
substrate shown in the inset after synthesis.
Further detail view of the as-grown radial structure deposits on a roughened quartz
substrate taken out of the reactor is presented in Figure 4.2.
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Figure 4.2: Scanning electron micrograph of an ensemble of radial structures deposited on
the roughened quartz substrate.
A typical example of the individual radial structure is shown in Figure 4.3. This high
magnification SEM image shows the radial carbon nanotubes departing from a central
particle. The average diameter of a typical radial structure is ∼ 11 µm. The thickness of
the deposited layer on the substrate is several times the diameter of an individual radial
structure. The deposited powder can be easily removed magnetically or mechanically
and can readily be dispersed in ethanol or other solvents for further characterisations.
The observed morphology is in agreement with that reported by Boi et al. [10].
PhD Thesis 86
Figure 4.3: Scanning electron micrograph of a typical individual radial structure [1].
X-ray diffractogram obtained from powder extracted from the substrate is presented in
Figure 4.4. The Rietveld refinement was performed using the General Structure Analysis
System (GSAS) program with the EXPGUI interface to identify and estimate the relative
weight abundances of the encapsulated phases [113–115].
In X-ray diffractogram (Figure 4.4), 110 is a characteristic peak of α-Fe (bcc) at 2θ ∼
44.67◦ and 111 is a characteristic peak of γ-Fe (fcc) at 2θ ∼ 43.61◦ respectively. The
relative weight abundances of the various encapsulated single crystal phases α-Fe with
space group (Im3̄m), γ-Fe space group (Fm3̄m) and Fe3C space group (Pnma) extracted





























Figure 4.4: Typical X-ray diffractogram data (red), Rietveld refinement (green), and dif-
ference (purple) for a powder extracted from the reactor. Arrows denote the crystal planes
attributed to each intensity peak. The encapsulated phases were analysed in terms of the
following components of α-Fe (Im3̄m, Crystal Open Database Ref. 1100108), γ-Fe (Fm3̄m,
Crystal Open Database Ref. 9008469), and Fe3C (Pnma, Crystal Open Database Ref. 16593).
The relative weight abundances of these phases are 75% of cubic α-Fe, 15% cubic γ-Fe and
10% of orthorhombic Fe3C. The cubic Fe3O4 (space group Fd3̄m, ICSD Chemical Database
Ref. 84098) content results from spontaneous oxidation of non-encapsulated iron particles when
the powder is handled in air, this constitutes less than ten percent of the total sample weight.
The lower angle graphitic carbon peak, (1)C, corresponding to the 002 reflection from graphite
(space group P63/mmc, ICSD Chemical Database Ref. 53781), originates from reflections from
the graphitic walls of the multiwall carbon nanotubes, inter-wall spacing 0.34 nm. The second
graphitic peak, (2)C, corresponds to the lattice spacing 0.33 nm (002 peak of graphite hexag-
onal P63/mmc, ICSD Chemical Database Ref. 52230) of the graphitic shell of the spherical











921 oC 75 15 10
Table 4.1: Summary of the relative abundances of the encapsulated phases, extracted from
the Rietveld refinement of the X-ray diffractogram in Figure 4.4.
The observation of these phases have been frequently reported in the vertical-aligned
surface-grown as well as in radial carbon nanotube structures [9, 10, 33, 35, 42, 91, 124–
128]. The presence of oxides is because of spontaneous oxidation of non-encapsulated
elemental iron traces on the exterior of the nanotubes due to post-synthesis handling
of the sample in air [1, 10] . Therefore, the corresponding peaks of oxides have been
refined and indexed in the X-ray Diffractogram (Figure 4.4). In addition, the lower angle
graphitic carbon peak 1(C) corresponds to the 002 reflection from the graphitic walls
(inter-wall spacing of 0.34 nm) of the multiwall carbon nanotube and the higher angle
peak 2(C) corresponds to the 002 reflection (inter-wall spacing of 0.33 nm) from the
graphitic shell around the spherical Fe3C nanoparticles of which the core of the radial
structures is composed [10].
The high relative abundance of ferromagnetic α-Fe (75%) depicts more stability of this
phase at room temperature compared to other encapsulated phases. According to Fe-C
phase diagram, the mainly present iron phases above 727 ◦C, are γ-Fe and Fe3C. Upon
cooling, the majority of γ-Fe is transformed into α-Fe and Fe3C. Fe3C in contact with the
nanotube walls further decomposes into graphitic carbon and the α-Fe in the core of the
nanotube [12]. Therefore, a relatively low relative abundance of Fe3C has been observed
in the radial structures. It is important to mention that the measured Fe3C content (10
%) in the radial structures sample contributes towards the spherical Fe3C nanoparticles
comprising the core as well as its spatial distribution in the encapsulated nanowires.
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The retained γ-Fe (15 %) at room temperature which in bulk is a high-temperature and
high-pressure phase and is unstable at room temperature, has been frequently attributed
to the pressure-induced encapsulation or elastic confinement of the carbon nanotubes in
the literature for more than a decade [15, 48, 49]. However, the presence of encapsulated
γ-Fe at room temperature requires detail investigation and will be discussed in section
4.2 of this Chapter.
Figure 4.5 (A) shows a scanning electron micrograph of Fe-based nanowires encapsulated
by MWCNTs, taken from a radial structure. In fact, the recorded peaks in EDX spectra
(see Figure 4.5 (B)) confirms the presence of carbon and iron. The Si peak in the spectra
is likely to originate from either the quartz substrate or the X-ray detector itself.
Figure 4.5: (A) Scanning electron micrograph of the encapsulated Fe-based nanowires, (B) is
the corresponding energy dispersive x-ray spectra (EDX) of the region within the blue rectangle
in (A). The Si peak in the spectra originates from the quartz substrate.
Unlike the vertically aligned structures, we frequently encountered high volume fraction
of continuous Fe-based nanowires encapsulated by MWCNTs under transmission electron
microscope. Long continuous nanowires are useful for probing the spatial distribution of
the encapsulated phases and the junction formation between two phases. A typical trans-
mission electron micrograph of the ultrasonicated radial structures showing micrometers
long Fe-based nanowires encapsulated by multiwalled carbon nanotubes detached from
the central core of the radial structure is provided in 4.6.
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Figure 4.6: Transmission electron micrograph showing the micrometer long Fe-based
nanowires encapsulated by multiwalled carbon nanotubes detached from a radial structure.
Here we are present few examples of characterized Fe-based nanowires to show the crys-
tallinity of these nanowires system. These encapsulated nanowires detached from the
central particle of the radial structues are radomly selected under TEM.
Continuous α-Fe nanowires
An example of the 6 µm long continuous α-Fe nanowire encapsulated by MWCNTs is
presented in Figure 4.7. The nanowire has been probed under TEM by obtaining selective
area electron diffraction patterns from 160 nm diameter areas within the broken circles
(A-D). The zone axis identified in each of the diffraction patterns is α-Fe [111 ]bcc. The
doubling and streaking of the 002 C reflections originating from the graphitic nanotube
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Figure 4.7: Transmission electron micrograph showing 6 µm long continuous α-Fe nanowire
encapsulated by MWCNTs. The selective area electron diffraction patterns (A-D) are taken
from the 160 nanometer image-plane areas indicated by the broken circles (A-D). The identified
zone axis in each of the diffraction pattern is α-Fe [111 ]bcc. The 002 C indicates the reflection
from the graphitic layers of multiwall carbon nanotubes.
In a second example, SAED patterns were obtained from 160 nm diameter areas centred
on the three points A-C separated by ∼ 100 nm along the length of a continuous α-Fe
crystallite, Figure 4.8 (A-C).
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Figure 4.8: Transmission electron micrograph of an encapsulated α-Fe nanowire showing
a slight variation in crystallographic orientations relative to the nanotube axis. The SAED
patterns were obtained with smallest selective area aperture at three consecutive points close
to the tip of a radial nanotube, upper left; the image-plane electron beam area of diameter
160 nm is indicated by the broken circle centred on the point. The highlighted zone axes are
indicated in each figure: (A) α-Fe [0 1̄1 ]bcc, (B) α-Fe [0 1̄1 ]bcc, and (C) α-Fe [111 ]bcc. The
orientation of the (110) planes are approximately parallel relative to the 002 C planes and the
nanotube axis. The reflections labelled 002 C and 004 C are from the graphitic carbon walls
of the encapsulating nanotube; the inter-wall spacing calculated from these reflections is the
one typical for the inter-planer separation in graphite, namely 0.34 nm, and agrees with that
calculated from the Bragg peak labelled 1(C) in Figure 4.4.
Figure 4.8 (A-C) shows differing crystallographic orientations exhibited by the α-Fe
nanowire relative to the nanotube axis. The identified zone axes are: (A) [0 1̄1 ], (B)
[0 1̄1 ] and [111 ]. In SAEDs Figure 4.8 (A-B), the orientation of the (110) planes relative
to the nanotube axis are approximately parallel to the 002 C reflections of the graphitic
walls of the multiwall nanotube. In SAED Figure 4.8 (C), the (202) planes are also nearly
parallel to the 002 C reflections and the nanotube axis.
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Another TEM image showing an α-Fe nanowires with crystal planes exhibiting a slight
twist in the crystallographic orientations relative to the nanotube axis indicated by 002 C
(Figure 4.9 (A-B)).
Figure 4.9: (A) Transmission electron micrograph of an encapsulated α-Fe nanowire exhibiting
a slight twist in the crystallographic orientation relative to the nanotube axis. (B) The selective
area electron diffraction pattern was obtained using smallest selective area aperture with image-
plane area of diameter 160 nm is indicated by the broken circle in (A). The highlighted zone
axis is indicated as α-Fe [111 ]bcc with space group (Im3̄m). The orientation of the (1 1̄0) plane
is roughly parallel relative to the 002 C plane and the nanotube axis The reflection labelled as
002 C is from the graphitic carbon walls of the encapsulating nanotube; the inter-wall spacing of
0.343 nm was calculated from 002 C reflections corresponds to a typical inter-planner separation
in graphite, and agrees with that calculated from the Braggs peaks labelled as 1(C) in Figure
4.4. The 002 C inter-planer spacing is indicated in the HRTEM image in (C) taken from the
area within the small rectangle inside the broken circle. The α-Fe reflections from (1 1̄0) plane
correspond to the lattice spacing of 0.203 nm and (2̄11) correspond to 0.118 nm.
The selective area electron diffraction pattern (Figure 4.9 (B)) of the nanowire has been
taken with a low index zone [111 ]bcc form the region within the broken circle shown
in Figure 4.9 (A). The (1 1̄0) crystal planes are approximately parallel to the graphitic
layers of the nanotube shielding the nanowire. An HRTEM image of these graphitic layers
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indexed with 002 C is presented in Figure 4.9 (C) coressponds to the lattice spacing 0.343
nm and agrees with the 002 reflection denoted by 1(C) in X-ray diffractogram (Figure
4.4).
Continuous Fe3C nanowires
A typical encapsulated Fe3C nanowire encountered under TEM also revealed variations
in the crystallographic orientations after probing at three different locations. The insets
provide selective area electron diffraction patterns obtained from the regions within the
broken circles shown in Figure 4.10(A-C). Inset (A) is the diffraction pattern with an
identified zone axis of [1̄3̄2 ]. The (1̄11) crystal planes are oriented parallel to the nan-
otube axis and the graphitic layers of the MWCNTs indicated by 002 C. A change in
crystallographic orientation is followed from the diffraction patterns taken at point (B)
and (C) shown in Figure 4.10. Insets (B-C) are the low index zone diffraction patterns
each identified with a zone axis [0 1̄0 ]. Now the [00 1̄] crystal planes are oriented parallel





















Figure 4.10: Transmission electron micrograph of the continuous Fe3C nanowire encapsulated
by multiwalled carbon nanotube and the insets are the selective area electron diffraction patterns
taken from the area within the broken circles of 160 nm area of the nanowires. The identified
zone axis are: (A) Fe3C [1̄3̄2 ] , (B) Fe3C [0 1̄0 ], and (c) Fe3C [0 1̄0 ].
Continuous γ-Fe nanowire
Figure 4.11 is an example of rarely observed encapsulated γ-Fe phase at room tempera-
ture, a metastable phase of iron which is stable at high temperature and high pressure
as shown in the equilibrium phase diagram shown in Figure 2.12 [12]. The surprising
presence of metastable γ-Fe phase inside carbon nanotubes has previously been reported
[14–16].The indicated 002 C reflections shown originated from the graphitic layers of the
MWCNTs, Figure 4.11.
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Figure 4.11: Transmission electron micrograph of the γ-Fe nanowire encapsulated by mul-
tiwalled carbon nanotube at room temperature and on the right is the selective area electron
diffraction pattern taken from the area within the broken circle of 160 nm area of the nanowire.
The highlighted zone axis is γ-Fe [101 ]fcc with a space group of (Fm3̄m). The indicated 002 C
reflections originated from the graphitic layers of the MWCNTs.
4.1.2 Synthesis of high γ-Fe-content nanowires
The aim of this work is to find the optimum location for substrates in the reactor for the
production of high γ-Fe-content nanowires. It was assumed that the high γ-Fe-content
in the encapsulated nanowires would increase the probability of formation of α-Fe/γ-Fe
junctions.
Three sequentially arranged roughened quartz substrates were placed at different loca-
tions within the reactor at corresponding temperatures of 878 ◦C, 921 ◦C and 944 ◦C
(Figure 3.3). Ferrocene flowing vapours over these roughened substrates yielded radial
structures with varying γ-Fe-content. The furnace was cooled to room temperature at its
natural rate (2 ◦C/min). The furnace temperature profile of the first 30 cm used for the
synthesis is shown in the Figure 4.12. The sequential arrangement of the substrates is
indicated under the plot and their corresponding temperatures have also been indicated
(Figure 4.12).
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878 oC 921 oC 944 oC
Figure 4.12: Temperature profile of the first 30 cm of the furnace operated at 990 ◦C used for
the synthesis of radial structure using sequentially arrange substrates at three different thermal
locations with corresponding temperatures at these locations have been indicated. The 878 ◦C,
921 ◦C and 944 ◦C shows the temperature of the mid points of the three substrates, respectively.
The morphology of the reaction products was found to be consistent with the previous
studies performed on radial structures [10, 95]. Relatively high γ-Fe-content has been
found in the nanowires produced at thermal location with the corresponding temperature
of 944 ◦C.
The X-ray diffraction data obtained from the powder extracted from the three substrates


























































































Figure 4.13: Typical X-ray diffractograms data (red), Rietveld refinement (green), and dif-
ference (purple) for powder extracted from quartz substrates located at 878 ◦C, 921 ◦C and
944 ◦C of the CVD reactor. Arrows denote the reflections from the crystal planes attributed to
each intensity peak. (A) The relative weight abundances of the encapsulated phases are 51%
of cubic α-Fe (Im3̄m), 11% cubic γ-Fe (Fm3̄m) and 38% of orthorhombic Fe3C (Pnma). (B)
The relative weight abundances of the encapsulated phases are 71% of α-Fe, 14% of γ-Fe and
15% of Fe3C.(C) The relative weight abundances of the encapsulated phases are 75% of α-Fe,
25% of γ-Fe and 0% of Fe3C.
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The relative abundances of the encapsulated phases extracted from the Rietveld refine-
ment, α-Fe with space group (Im3̄m), γ-Fe space group (Fm3̄m) and Fe3C space group





878 oC 51 11 38
921 oC 71 14 15
944 oC 75 25 0
Table 4.2: Summary of the relative abundances of the encapsulated phases, extracted from
the Rietveld refinement of the X-ray diffractograms in Figure 4.13.
A simple observation that can be made from the analysed X-ray diffraction data is the
presence of significantly high γ-Fe-content (25%) near isothermal zone (downstream) of
the reactor entrance as compared to the γ-Fe content formed on upstream substrates
(Table 4.2). On the other hand, the high Fe3C-content (38 %) is found only away
from the isothermal zone, upstream of the reactor entrance and α-Fe was found to be
constant in the nanowires formed on the downstream substrates. The presence of Fe3C
is revealed by the observation of 102, 220, 131, 002 and 221 peaks shown in Figure 4.13
(A). Surprisingly, some of these peaks disappear in Figure 4.13 (B) and the remaining
disappear in Figure 4.13 (C). The absence of Fe3C peaks in Figure 4.13 (C) is surprising
since the Fe3C is considered as an essential intermediate for the growth of the carbon
nanotubes [14, 129–136]. However, the absence of metal carbides (Fe3C and Ni3C) has
also been noticed in synthesis of NiFe encapsulated nanowires synthesised by conventional
solid- and liquid-source CVD. But none of the authors commented on the absence of
Fe3C in the final product nor attempt to describe the growth mechanism [137–139].
However, the remarkable decrease in Fe3C content suggests that the growth process is
either initiated without the intermediate iron-carbide nanoparticle formation at elevated
temperature, or the graphitic carbon wall formation is driven by the carbon supply from
an unstable carbide that subsequently decomposes at high rates at elevated temperatures
PhD Thesis 100
[1]. According to Fe-C phase diagram, the most likely iron phase at 944 ◦C is γ-Fe (Figure
2.12). Therefore, radial structures nucleated at elevated temperatures will have high
volume fraction of γ-Fe which is likely to retain high γ-Fe content at room temperatures.
Conclusion:
In conclusion boundary layer chemical vapour synthesis was successfully employed to
reproduce radial structures with low and high γ-Fe-content nanowires. The evidence from
this study suggests that high γ-Fe content in the nanowires can be achieved at elevated
temperatures. The adopted approach could be useful for producing radial structures with
high density of α-Fe/γ-Fe junctions
4.2 First observation of α-Fe/γ-Fe junctions in Fe-
based nanowires
In this part of the chapter, microstructural analysis of the encapsulated Fe-based nanowires
with high γ-Fe-content and the first observation of α-Fe/γ-Fe junctions in these nanowires
is reported. This work was carried out in collaboration with Dr. Mert Kurttepeli, Profes-
sor Gustaaf Van Tendeloo and Professor Sara Bals from EMAT, University of Antwerpen,
Dr. Nadezda V. Tarakina and Dr. Rory M. Wilson, Queen Mary University of London.
Radial structures were synthesised by flowing ferrocene vapour over a roughened quartz
substrate located at a position with a temperature of 944 ◦C in the CVD reactor described
in Chapter 3 (see Figure 3.1). The reactor is cooled down to room temperature at its
natural rate of cooling (2 ◦C/min).
The post-synthesis deposits on the rough substrate were examined using scanning elec-
tron microscopy (Figure 4.14). These deposits are in the form of a powder comprising
ensembles of carbon nanotube radial structures.
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Figure 4.14: Scanning electron micrograph of an ensemble of radial structures deposited on









































Figure 4.15: Typical X-ray diffractogram data (red), Rietveld refinement (green), and dif-
ference (purple) for a powder extracted from the reactor. Arrows denote the crystal planes
attributed to each intensity peak. The encapsulated phases were analysed in terms of the
following components of α-Fe (Im3̄m, Crystal Open Database Ref. 1100108), γ-Fe (Fm3̄m,
Crystal Open Database Ref. 9008469), and Fe3C (Pnma, Crystal Open Database Ref. 16593).
The relative weight abundances of these phases are 56% of cubic α-Fe, 41% cubic γ-Fe and 3%
of orthorhombic Fe3C. The cubic Fe3O4 (space group Fd3̄m, ICSD Chemical Database Ref.
84098) content results from spontaneous oxidation of non-encapsulated iron particles when the
powder is handled in air, this constitutes less than ten percent of the total sample weight.
The lower angle graphitic carbon peak, (1)C, corresponding to the 002 reflection from graphite
(space group P63/mmc, ICSD Chemical Database Ref. 53781), originates from reflections from
the graphitic walls of the multiwall carbon nanotubes, inter-wall spacing 0.34 nm. The second
graphitic peak, (2)C, corresponds to the lattice spacing 0.33 nm (002 peak of graphite hexag-
onal P63/mmc, ICSD Chemical Database Ref. 52230) of the graphitic shell of the spherical
particles that comprise the core of the radial structures, [10].
A refinement result of the representative fit of the observed X-ray diffraction data ob-
tained from powder extracted from the reactor, is given in Figure 4.15. The Rietveld
refinement provided estimates of relative weight abundances of α-Fe and the retained γ-
Fe in the encapsulated nanowire; 56% and 41%, respectively. The absence of significant
Fe3C features in the diffractogram suggests a relative abundance of the order of one to
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several percent. The details of the relative weight abundance and quality of fit indicators
extracted from the refinement of X-ray diffractogram in Figure. 4.15 are summarized in
Table 4.3. The extracted unit cell parameters are given in Table 4.4.








56 41 3 2.183 0.0273 0.0351
Table 4.3: Summary of the relative abundance of the encapsulated phases and quality of fit
indicators, extracted from the Rietveld refinement of the X-ray diffractogram in Figure 4.15.























Table 4.4: The unit cell parameters extracted from the X-ray diffractogram in Figure 4.15.
Since the extracted lattice parameter for γ-Fe, 3.593 Å, is greater than that obtained by
extrapolating the carbon concentration dependence of the dilute carbon alloy values to
zero solute content (3.556 Å), we conclude the presence of interstitial carbon atoms is
the most likely source of stabilisation. Assuming a linear relationship between the lattice
parameter and carbon concentration (Equation 2.2), we estimate the carbon content to
be 0.8 wt.% [46, 47].
The spatial distribution of the observed phases within the nanowire was investigated by
TEM imaging and SAED. Typical examples of most frequently encountered compositions
and junctions are outlined below.
1. α-Fe/γ-Fe junctions
An example of a sequential α-Fe/γ-Fe junction is presented in Figure 4.16. The location
of the junction was inferred from the abrupt change in contrast indicated by a white
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arrow. The (1̄11) crystal plane reflection from γ-Fe crystallite is oriented parallel to the
nanotube axis inferred from 002 C reflection from the graphitic nanotube walls (Figure
4.16 (A) and in case of α-Fe crystallite the (1 1̄0) crystal plane reflection is oriented















Figure 4.16: Transmission electron micrograph of an encapsulated nanowire; the image-plane
electron beam area of diameter 160 nm is indicated by the broken circles centred on the points
A-C. The image shows contrast variation along the length of nanowire. The highlighted zone
axes are indicated in each figure: (A) γ-Fe [110 ]fcc, (B) α-Fe [111 ]bcc and (C) α-Fe [111 ]bcc.
The white arrow indicates the likely position of the α-Fe/γ-Fe junction between points A and
B in the internal cavity of the nanotube. The 002 C reflections of the graphitic nanotube walls
correspond to an inter-wall spacing of 0.34 nm which agrees with that value calculated from
the Bragg peak labelled 1(C) in Figure 4.15.
Another example of a nanowire comprised sequential α-Fe and γ-Fe crystallites is given
in Figure 4.17, the likely location of an α-Fe/γ-Fe junction, deduced from the contrast
in the bright-field image and a reduction in the nanowire radius in the α-Fe → γ-Fe
direction, is indicated by a large white arrow in Figure 4.17 (I)-(III). The nanowire is
terminated by a ∼100 nm length γ-Fe crystallite with a convex termination, Figure 4.17
(III). Figure 4.17 (B), (C) shows [100 ]bcc and [011 ]bcc parallel to the nanotube axis; this
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observation is consistent with the previously observed <001> directions for α-Fe and
<110> directions for γ-Fe parallel to the nanotube axes [15, 140].
Figure 4.17: (I) Transmission electron micrograph of an encapsulated nanowire; the image-
plane electron beam area of diameter 160 nm is indicted by the broken circle centred on the
points A-C., the image showing contrast variation along the nanowire, (II) the dark-field image
that confirming the polycrystalline nature of the nanowire and is taken around [00 2̄] spot
appearing in (B), and (III) γ-Fe crystallite with ∼100 nm length having a convex end, and the
white arrow indicating the region of constriction in the internal cavity. The highlighted zone
axes are indicated in each figure: (A) α-Fe [111 ]bcc, (B) α-Fe [100 ]bcc, (C) γ-Fe [011 ]fcc. The
white arrows indicate the likely position of the α-Fe/γ-Fe junction between points B and C.
The black arrows indicate the grain boundary between the same phase; α-Fe [111 ]bcc and α-Fe
[100 ]bcc. The 002 C and 004 C reflections of the graphitic nanotube walls correspond to an inter-
wall spacing of 0.34 nm which agrees with that value calculated from the Bragg peak labelled
1(C) in Figure 4.15. The multiple spots labelled 002 C in (A) are likely to be a consequence of
the irregular outer diameter of the nanotube at this position.
A close inspection of another sequential α-Fe/γ-Fe junction, Figure 4.18, similarly reveals
a reduction of the radius of the internal cavity in the region of the junction; analysis of
the fast Fourier transformations obtained across the junction shows that in both α-Fe
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and γ-Fe grains have the [001] direction parallel to the tube axis.
Figure 4.18: (a) High-resolution TEM image of the α-Fe/γ-Fe junction, and corresponding
Fast Fourier transformations obtained from left (b) and right (c) sides of the junction.
Many of the features of the γ-Fe crystallite and the encapsulating nanotube in Figure
4.19 (i) resemble those induced by irradiation with a high electron beam intensity (400
A cm−2) in TEM studies of nanotube-encapsulated Fe3C nanowires at 600
◦C [141]. The
micrographs in this study were obtained at room temperature with electron beam in-
tensities of ∼ 60-120 pA cm−2 so the common features, namely, the convex crystallite
termination and the abrupt variation of the nanowire diameter, are unlikely to be irra-
diation induced. Nevertheless, the cause of the convex termination, namely, the closing
of the inner nanotube walls due to the migration of carbon interstitial defects, is likely
to be the same although produced during the growth process rather than by TEM [142].
Electron beam radiation induces an abrupt change in nanowire diameter by (i) causing
nanowire to extrude along the nanotube axis owing to a reduction in the nanotube di-
ameter due to dynamic expulsion of carbon atoms from the walls by the electron beam,
(ii) subsequent accumulation of graphitic carbon in the internal cavity at the end of the
extruding nanowire, and (iii) its conversion to nanotube walls departing from the end of
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the nanowire; the net result is an abrupt reduction in the diameter of the nanowire [17].
Figure 4.19: Transmission electron micrograph showing an encapsulated nanowire containing
a α-Fe/γ-Fe junction in a region of a constriction in the internal cavity of the nanotube indicated
by the black arrow. The cavity diameter at the constriction is 18 nm and the diameter of the
γ-Fe crystallite far from the junction is 28 nm; the image-plane electron beam area of diameter
160 nm is indicated by the broken circle centred on the points A and B. The highlighted zone
axes are indicated in each figure: (A) γ-Fe [310 ]fcc and (B) α-Fe [100 ]bcc.
The exact location of the α-Fe/γ-Fe junction cannot confidently be determined from this
analysis but if it is to be found exactly at the point of narrowing of the nanowire diameter
then an explanation for the α-Fe→ γ-Fe transformation at this point could be the change
in the rate of growth of this nanowire being favourable to capture of the γ-Fe phase.
2. α-Fe/Fe3C junctions
A typical micrograph of an α-Fe/Fe3C junction-containing encapsulated nanowire is
PhD Thesis 108
shown in Figure 4.20, upper left. The SAED patterns obtained from 160 nm diame-
ter areas centred on the three points A-C, are given the corresponding label in Figure
4.20.
Figure 4.20: Upper left, transmission electron micrograph of an encapsulated nanowire; the
SAED patterns obtained from the three areas centred on points A-C are given corresponding
labels on the following images. The highlighted zone axes are indicated in each Figure: (A)
α-Fe [110 ]bcc, (B) Fe3C [100 ]orth and α-Fe [110 ]bcc, and (C) α-Fe [110 ]bcc obtained after tilting
by 2◦. The white and orange text in (B) connect highlighted spots associated with the Fe3C
[100 ]orth and α-Fe [110 ]bcc orientations, respectively. Orange arrows in the upper part of both
(A) and (C) α-Fe [110 ]bcc is pointing to the Fe3C reflections similar to (B) Fe3C [100 ]orth.
The crystal planes corresponding to the diffraction spots in Figure 4.20 (A) and Figure
4.20 (C) are those of α-Fe but with slightly differing crystallographic orientations relative
to the nanotube axis. Morelos-Gómez et al. attribute the splitting or doubling of the
diffraction spots as observed in Figure 4.20 (B) to the presence of coaxial volumes of
α-Fe and Fe3C; but this effect could also be explained by contact between sequential
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crystallites over an area that is a significant fraction of that of the probing electron beam
[17]. Nevertheless, the coincident highlighted zones at point B exhibit the Bagaryatski
orientation relationship, [110 ]bcc ‖ [100 ]orth for the two crystallites comprising the α-
Fe/Fe3C junction [143].
Magnetisation measurements were performed on powder samples with differing γ-Fe con-
tent (41 wt.%, 35 wt.% and 23 wt.%) of the encapsulated nanowires. The relative weight
abundances of the encapsulated phases were found using Rietveld analysis of the X-ray













































Figure 4.21: X-ray diffractogram data (red), Rietveld refinement (green), and difference
(purple) for a powder extracted from the reactor. Arrows denote the crystal planes attributed
to each intensity peak. The extracted relative weight abundances of the encapsulated phases
are 62% of cubic α-Fe, 35% cubic γ-Fe and 3 % of orthorhombic Fe3C.
PhD Thesis 110








62 35 3 4.472 0.0354 0.0438
Table 4.5: Summary of the relative abundance of the encapsulated phases and quality of fit












































Figure 4.22: X-ray diffractogram data (red), Rietveld refinement (green), and difference
(purple) for a powder extracted from the reactor. Arrows denote the crystal planes attributed
to each intensity peak. The extracted relative weight abundances of the encapsulated phases
are 53% of cubic α-Fe, 23% cubic γ-Fe and 24% of orthorhombic Fe3C.








53 23 24 2.734 0.0274 0.0359
Table 4.6: Summary of the relative abundance of the encapsulated phases and quality of fit
indicators, extracted from the Rietveld refinement of the X-ray diffractogram in Figure 4.22.
The magnetic state of the γ-Fe was inferred from the magnetisation observed in a powder
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material with high γ-Fe content ( 41%) at low temperature, Figure. 4.23.
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Figure 4.23: The FC and ZFC temperature variations of magnetisation, M , and its variation
with magnetic field strength, H, at 5 K (inset). The broken line is a guide to the eye. The
extracted relative weight abundances of the encapsulated phases are 56% of cubic α-Fe, 41%
cubic γ-Fe and 3% of orthorhombic Fe3C (Figure 4.15).
The value of saturation magnetisation calculated from the weighted sum of contributions
from the nanowire using the saturation magnetisation values for α-Fe (220 emu/g) [144],
Fe3C (169 emu/g), [145] neglecting the contribution from Fe3O4 (100 emu/g) and the
weakly diamagnetic carbon nanotube walls, is 128 emu/g. The experimental value is
17 emu/g, Figure. 4.23 (inset). This lowering of saturation magnetisation relative to
that expected from such calculations, is a common observation in magnetic nanowire
systems. It is usually attributed to the pinning of magnetic moments at the surface of a
nanowire; this effect greatly increases as the dimensions of the nanowire decrease because
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the contribution from the surface moments increases in significance. A transition to the
antiferromagnetic state in one of the component crystallites in an otherwise ferromagnetic
nanowire is an alternative explanation. There is evidence for the latter interpretation in
the temperature variation of the zero-field cooled (ZFC) and field cooled (FC) behaviour
of powder extracted from the reactor, Figure. 4.23. The discontinuity in the ZFC trend,
here seen at 125 K, has previously been attributed to a transition from the paramagnetic
to the antiferromagnetic state in γ-Fe [33].
Figure 4.24: The FC and ZFC temperature variations of magnetisation, M , and its variation
with magnetic field strength, H, at 5 K (inset). The extracted relative weight abundances of
the encapsulated phases are 62% of cubic α-Fe, 35% cubic γ-Fe and 3% of orthorhombic Fe3C
(Figure 4.21).
Figure 4.24 and 4.25 show the magnetization measurements performed on relatively low
γ-Fe content (35% and 23%) radial structures powder. The discontinuity in the ZFC trend
appearing in Figure 4.23 gradually disappears in Figure 4.24 and 4.25. This indicates
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that the observable paramagnetic to the antiferromagnetic transition in ZFC is dependent
on the γ-Fe content of the nanowires present in the sample.
Figure 4.25: The FC and ZFC temperature variations of magnetisation, M , and its variation
with magnetic field strength, H, at 5 K (inset). The extracted relative weight abundances of
the encapsulated phases are 53% of cubic α-Fe, 23% cubic γ-Fe and 24% of orthorhombic Fe3C
(Figure 4.22).
In case of relatively low γ-Fe content (35% and 23%) magnetisation measurements (Figure
4.24 (inset) and 4.25 (inset)), the saturation magnetisation values calculated from the
weighted sum of contributions from the nanowire using the saturation magnetisation
values for α-Fe (220 emu/g) [144], Fe3C (169 emu/g), [145] neglecting the contribution
from Fe3O4 (100 emu/g) and the weakly diamagnetic carbon nanotube walls, are 141
emu/g and 157 emu/g. The corresponding experimental values are 8 emu/g and 28 emu/g
respectively. This observation of lowering of saturation magnetisation values relative to
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that expected from such calculations, is found to be similar to that of high γ-Fe content
nanowire sample.
Statistical analysis α-Fe/γ-Fe junctions
This work was aiming to find and study the microstructure of α-Fe/γ-Fe junctions. There-
fore, while studying Fe-based nanowires under TEM, we focused on the features such as
abrupt variation in the diameter or change of contrast in a dark-field imaging aiming
to the direct observation of junctions rather than single phase nanowires. However, we
encountered frequent observation of individual α-Fe, while γ-Fe was rarely found as an
individual encapsulated nanowire. Nevertheless, we present the evidence of γ-Fe ob-
servation as in the from of sequential α-Fe/γ-Fe junctions. In addition, Fe3C content
was minimized by performing synthesis at elevated temperatures followed by cooling the
reactor at its natural rate to allow the carbon to migrate towards the nanotube walls.
The quantitative phase analysis performed using X-ray powder diffraction is based on
sample averaging technique. Therefore, the extracted relative abundances using this
technique provides a quick but global estimate of the single crystal phases present in a
particular powder sample (example Figure 4.15, Table 4.7). On the other hand, TEM is a
size-specific local probing technique to examine a thin specimen of the sample. Therefore,
the analysed volume is always very small. However, the obtained relative abundances
of these single crystal phases measured from the TEM micrographs (examples in Figure
4.16, 4.19 and 4.17) are compared with the relative abundances extracted from X-ray
diffraction. The overall measurement results of the relative abundances obtained from
X-ray diffraction and TEM are summarised in Table 4.7.
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Techniques Percentage of relative abundances
α-Fe γ-Fe Fe3C
X-ray diffraction 56 41 3
TEM 74 25 1
Table 4.7: Summary of the relative abundances of the encapsulated phases extracted from
the Rietveld refinement of the X-ray diffractogram in Figure 4.15 and the TEM micrographs
(examples in Figure 4.16, 4.19 and 4.17) .
The obtained percent relative abundance of the α-Fe, γ-Fe and Fe3C from the Rietveld
analysis of X-ray diffractogram given in Figure 4.15 is 56%, 41% and 3% respectively.
Whereas, the relative percentage of these phases obtained from the length-scales of the
single-crystal nanowires from the TEM micrographs are 74%, 25% and 1% respectively.
The differing relative abundances of the corresponding phases in Table 4.7 is likely the
consequence of limited sampling under TEM that cannot represent specimen with enough
single-crystal phases to be averaged. Therefore, it does not survey enough to represent
statistically the sample as the X-ray powder diffraction does. However, the estimates of
relative abundances of the encapsulated phases extracted from TEM micrographs con-
firms the presence of the encapsulated phase identified quantitatively by X-ray diffraction.
The consistency of these results depends on the extensive sampling of the specimen under
TEM, which requires further investigation.
Figure 4.26 and Figure 4.27 shows the statistical distributions of the diameters of α-Fe
and γ-Fe nanowires, respectively. The average diameter of the α-Fe nanowire obtained
from the TEM micrographs (examples in Figure 4.9, 4.8, 4.7, 4.16, 4.19 and 4.17) is 27(5)
nm.
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Figure 4.26: (a) Histogram showing the diameter distribution of the α-Fe nanowires obtained
from the TEM micrographs. The average diameter is 27(5) nm.
The diameter distribution of γ-Fe obtained from the TEM micrographs (examples in Fig-
ure 4.16, 4.19 and 4.17) is provided in Figure 4.27. The average γ-Fe nanowire diameter
is 33(7) nm.
Figure 4.27: Histogram showing the diameter distributions of the γ-Fe nanowires obtained
from the TEM micrographs. The average diameter of the γ-Fe nanowire is 33(7) nm.
Conclusion:
The γ-Fe crystallites in iron-based nanowires encapsulated by multiwalled carbon nan-
otubes are stabilised by dilute carbon alloying. The α-Fe/γ-Fe junctions in the nanowire
are arranged sequentially. The α-Fe/Fe3C junction, a coaxial arrangement exhibit the
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Bagaryatski orientation relationship: [110 ]bcc ‖ [100 ]orth. The indirect evidence suggests
that the encapsulated γ-Fe is in the antiferromagnetic state at low temperature. From
the microscopic analysis of the relative abundances of the encapsulated phases under
TEM confirms the presence of encapsulated phases identified from X-ray diffraction.
4.3 The role of substrate roughness in the boundary
layer synthesis of radial structures
This work was carried out in collaboration with Dr. Nadezda V. Tarakina and Dr. Rory
M. Wilson, Queen Mary University of London.
Here, the influence of substrate roughness on the morphology and composition of the
reaction products is tested with a comparative study using high- and low-roughness
substrates.
The pre-synthesis scanning electron micrographs of the high- and low-roughness sub-
strates are shown in Figure 4.28 (A) and (B) respectively. Scanning electron micrographs
of the post-synthesis deposits on the high- and low-roughness substrates are shown in Fig-
ure 4.29 (A) and (B) respectively. By simple inspection it can be seen that although the
diameter of a typical radial structure is approximately 12 µm in both cases, the structures
found on the low-roughness substrate have fewer radial carbon nanotubes than those on
the high-roughness substrate.
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Figure 4.28: Scanning electron micrographs of the (A) high- and (B) low-roughness surfaces.
The insets show a higher magnification image of the region within the broken square.
(A)
(B)(A)
Figure 4.29: (A) Scanning electron micrograph of an ensemble of radial structures deposited
on the high-roughness substrate during synthesis. Inset is a typical example of individual
radial structure found on the high-roughness substrate. (B) Scanning electron micrograph of
an ensemble of radial structures deposited on the low-roughness substrate during synthesis.
Inset is a typical example of individual radial structure found on the low-roughness substrate.
The X-ray diffractograms obtained from powder extracted from the two substrates are
presented in Figure 4.30 (A) and (B). Reflections from the encapsulated phases were anal-
ysed in terms of the following components: α-Fe (Im3̄m, Crystal Open Database Ref.
1100108), γ-Fe (Fm3̄m, Crystal Open Database Ref. 9008469), and Fe3C (Pnma, Crys-
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tal Open Database Ref. 16593). The cubic Fe3O4 (space group Fd3̄m, ICSD Chemical
Database Ref. 84098) content, which constitutes less than ten percent of the total sample
weight, is on the exterior of the nanotube, Figure 4.31. The lower angle graphitic carbon
peak, (1)C, corresponding to the 002 reflection from graphite (space group P63/mmc,
ICSD Chemical Database Ref. 53781), originates from reflections from the graphitic
walls of the multiwall carbon nanotubes, inter-wall spacing 0.34 nm. The higher angles
graphitic peaks, (2)C, corresponds to the lattice spacing 0.20 nm and 0.18 nm (101 and
102 peaks of graphite hexagonal P63/mmc, ICSD Chemical Database Ref. 52230) of the

















































































Figure 4.30: X-ray diffractograms data (red), Rietveld refinement (green), and difference
(purple) obtained from powder extracted from the high-roughness and low-roughness quartz
substrates. Blue arrows denote the crystal planes attributed to each intensity peak. (A) The
relative weight abundances of the encapsulated phases are 60% α-Fe, 11% γ-Fe and 29% Fe3C.
(B) The relative weight abundances of the encapsulated phases are 74% α-Fe, 11% γ-Fe and
15% Fe3C.
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TEM study of the reaction products revealed the presence of micromere-length nanowires
encapsulated by multiwalled carbon nanotubes, Figure 4.31 (A), and particles of about
7 nm in diameter, Figure 4.31 (B). The fast Fourier transform (FFT) obtained for these
particles revealed one set of reflections, which makes unambiguous identification of the
phase not possible, Figure 4.31 (B-D). However, most likely these particles are Fe3O4
because the only lattice spacing measured from FFT corresponds to the (113) plane of
Fe3O4. We assume that the formation of Fe3O4 results from the post-synthesis oxidation
of non-encapsulated iron particles when the powder is handled in air [10].
Figure 4.31: (A) A typical example of an individual multiwalled carbon nanotube, the encap-
sulated nanowire contrasts with the exterior graphitic carbon. (B) A higher resolution image
of the nanotube surface showing dark spherical particles of average diameter 6.71(1) nm. (C)
The Fourier transform of the high-resolution TEM image (D) of the individual dark particle
within the broken square in image (B). The black circles in (C) indicate a lattice spacing of
0.253 nm which corresponding to the (113) plane of Fe3O4 (cubic, space group Fd3̄m).
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Another such example of these oxides is also presented in Figure 4.32. The FFT obtained
from the region within the broken square gives one set of reflection. The measured lattice
spacing only corresponds to (222) crystal plane of Fe3O4 (cubic, space group Fd3̄m).
222
Figure 4.32: The fast Fourier transform of the high-resolution TEM image of the individual
particle of diameter ∼ 7.5 nm within the broken square. (C) The black circles in FFT indicate
a lattice spacing of 0.240 nm which corresponding to the (222) plane of Fe3O4 (cubic, space
group Fd3̄m).
The details of the relative weight abundance of various encapsulated single crystal phases
(α-Fe, α-Fe and Fe3C) and quality of fit indicators, extracted from the refinement of
X-ray diffractograms in Figure 4.30 (A) and (B) are summarized in Table 4.8. For
microstructural details, the summary of refined unit cell parameters is provided in Table
4.9.
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Substrate Relative abundance (wt.%) Profile fit indicators 
 α-Fe  γ-Fe Fe3C χ2 Rp wRp 
High-roughness 60 11 29 2.357 0.0632 0.0864 
Low-roughness 74 11 15 2.278 0.0321 0.0406 
 
Table 4.8: Summary of the relative abundance of the encapsulated phases and quality of fit
indicators, extracted from the Rietveld refinement of the X-ray diffractograms in Figure 4.30.
Substrate 
 













High-roughness 2.868 (2) 
 
3.580 (1) 5.073 (5) 
6.760 (7) 
4.529 (4) 
2.472 (2)  







Low-roughness 2.868 (2)  
 
3.581 (1) 5.075 (5) 
6.776 (9) 
4.526 (5) 
2.450 (2)   
2.450 (2)   




8.349 (4)  
 
 
Table 4.9: The unit cell parameters extracted from the X-ray diffraction data given in Figure
4.30 (A) and (B).
The extracted lattice parameter for α-Fe, 2.868 Å, corresponds to that of bulk ferromag-
netic α-Fe. That for γ-Fe is less than the 3.6 Å for which antiferromagnetic behaviour is
predicted but is greater than the expected lattice parameter of carbon-free γ-Fe (3.556
Å) at room temperature suggesting the likely incorporation of interstitial carbon atoms
[45–47].
Surprisingly, (002) reflections from the graphitic shells labelled (2)C in Figure 4.30 (A)
are not observed in Figure 4.30 (B) suggests that the graphitic shells are absent from
the central core of the structures grown using the low-roughness substrate. The later has
been confirmed by TEM inspection, Figure 4.33.
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(D)(A) (C)(B)
Figure 4.33: (A) Transmission electron micrographs of a graphite-encapsulated Fe3C
nanocrystals observed in the central core of a radial structure produced using the high-roughness
substrate, and (B) the SAED pattern obtained from this particle. The highlighted zone axis
is Fe3C [0 1̄2 ]orth with space group (Pnma). The 002 C spots originated from the inter-planer
lattice spacing of the graphite shells around the Fe3C particles. (C) Transmission electron
micrograph of particle found in the central core of a radial structure produced using a low-
roughness substrate, and (D) the SAED pattern obtained from the particle within the broken
circle. The highlighted zone axis is Fe3C [100 ]orth with space group (Pnma).
In summary, the material produced using the low-roughness substrate has a smaller
central core, fewer radial nanotubes, a higher α-Fe and lower Fe3C content in the nanowire
than that produced using the high-roughness substrate. The Fe3C nanocrystals that
comprise the central core are unencapsulated rather than encapsulated by a graphitic
shell.
These observations can readily be explained by the surface degree of roughness impacting
on the magnitude and duration of fluctuations in the boundary layer, which in turn
intervenes in the self-organisational growth processes, Figure 4.34.
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Figure 4.34: (A) Schematic illustration of the growth mechanism of the radial structures
produced using the high-roughness substrates. The nucleating solid-phase iron particles which
form in a vapour fluctuation catalytically decompose the hydrocarbon products of ferrocene de-
composition (exothermic) resulting in carbon dissolution, single graphitic shell formation upon
saturation (endothermic), multiple shell formation driven by carbon diffusion to the surface
due the concentration gradient established by the shell formation, and subsequent graphitic
encapsulation of Fe3C. Central core formation is then by rapid agglomeration of these spherical
structures; this creates an inward, spherically symmetrical diffusion gradient for the vapour
feedstock (example concentration contours are given by the dashed lines). Peripheral Fe-C
particles elongated by the spherical diffusion gradient provide the instability points from which
radial nanotube and iron-based nanowire growth departs; vapour feedstock is now driven to
the growth front at the tips of the nanotube by a thermal diffusion gradient created by the
proximate endo- and exo-thermal processes (dashed circles at nanotube tips). (B) The low-
roughness substrate produces weaker, shorter-lived fluctuations in the vapour flow therefore
the nucleating particles do not become encapsulated, the core agglomeration is smaller and
the fewer instability points result in fewer radial nanotubes. The length of the nanotube is
determined by thermophoresis.
Conclusion:
We demonstrated that the degree of surface roughness used to produce iron-based nanowires
encapsulated by radial carbon nanotubes by boundary layer chemical vapour synthesis
can be used to tailor details of the structure and the composition of the nanowires. We
have found that lowering of the fractal roughness results in fewer radial carbon nanotubes,
unencapsulated rather than encapsulated Fe3C nanocrystals form the central core, and a
significant increase in α-Fe content with a corresponding decrease in Fe3C content, while
γ-Fe content remained unaffected.
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4.4 Conclusion
Radial structures with high γ-Fe-content nanowires are successfully produced with the
boundary layer chemical vapour synthesis. The evidence from this study suggests that
high γ-Fe-content in the nanowires can be achieved at elevated temperatures. The γ-Fe
crystallites in iron-based nanowires encapsulated by multiwalled carbon nanotubes are
stabilised by dilute carbon alloying. The α-Fe/γ-Fe junctions in the nanowire are ar-
ranged sequentially. The α-Fe/Fe3C junction, a coaxial arrangement exhibit the Bagary-
atski orientation relationship: [110 ]bcc ‖ [100 ]orth. The indirect evidence suggests that
the encapsulated γ-Fe is in the antiferromagnetic state at low temperature. Microscopic
analysis of the relative abundances of the encapsulated phases under TEM confirms the
presence of the encapsulated phases identified quantitatively by X-ray diffraction. We also
demonstrated that the degree of surface roughness used to produce iron-based nanowires
encapsulated by radial carbon nanotubes by boundary layer chemical vapour synthesis
can be used to tailor details of the structure and the composition of the nanowires.
Chapter 5
Results and Discussion-II
5.1 Microstructure of encapsulated NiFe nanowires
This work was carried out in collboration with Dr. Mert Kurttepeli, Professor Gus-
taaf Van Tendeloo and Professor Sara Bals from EMAT, University of Antwerpen, Dr.
Nadezda V. Tarakina and Dr. Rory M. Wilson, Queen Mary University of London.
NiFe alloy nanowires encapsulated by multiwalled carbon nanotube radial structures were
synthesised by boundary layer chemical vapor synthesis by sublimating a 100 mg mixture
of powder ferrocene and nickelocene in the weight ratio 1:1, to create a mixture of Ar-
driven flowing vapour over a roughened quartz substrate. The substrate was located at
a position within the reactor at temperature 921 ◦C. After complete sublimation of the
metallocene powder, the reactor was cooled to 700 ◦C at its natural rate and held at this
temperature for 1 hour before quenching to room temperature. The aim of the quenching
was to retain γ-NiFe [40].
Scanning electron microscopy studies revealed thick deposit of ensemble of radial struc-
tures shown in the Figure 5.1. A closer inspection of the scanning electron micrographs
depicts the presence of extended and elongated central cores in the radial structures 5.2.
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Figure 5.1: The scanning electron micrograph of an ensemble of the radial structures compris-
ing NiFe nanowires encapsulated by multiwalled carbon nanotubes deposited on the surface of
a roughened quartz substrate under Ar-driven ferrocene-nickelocene vapours in a conventional
horizontal CVD reactor.
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Figure 5.2: (A-D): The scanning electron micrographs of the typical individual radial struc-
tures comprising of NiFe nanowires encapsulated by multiwalled carbon nanotubes departing
from a central core. (A) and (C) are the secondary electron micrographs and (B) and (D) are
the backscattered electron micrographs of the individual structures. (C) and (D) are examples
of the elongated central cores.
Figure 5.3 is a transmission electron micrograph showing an individual elongated central
core of diameter about 5 µm. The peripheral nanotubes are detached by the ultrasoni-
cation process used to prepare the sample, Figure 5.3.
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Figure 5.3: Transmission electron micrograph showing an example of the elongated central
core of diameter (∼ 5 µm) of a radial structure. The broken edges of the nanotubes are
indicated by the arrows. The detachment of the nanotubes from the central core resulted from
the ultrasonication process used to prepare the sample.
X-ray powder diffraction data and Rietveld refinement of the substrate deposits is pro-
































Figure 5.4: X-ray diffractogram data (red), the Rietveld refinement (green) and difference
(purple) for a powder extracted from the roughened quartz substrate on collection from the
reactor after synthesis and then annealing for 1 hour at 700◦C, followed by a rapid quench to
room temperature. Arrows denote the crystal planes attributed to each intensity peak. The
extracted relative weight abundances of the encapsulated phases are 72% of α-NiFe (Im3̄m),
12% of γ-NiFe (Fm3̄m), 7% Ni3Fe (Pm3̄m) and 9% Fe3C (Pnma).
The details of the relative abundance of the encapsulated phases and quality of fit indi-
cators are summarised in Table 5.1. The extracted unit cell parameters are also provided
in Table 5.2.










72 12 7 9 1.509 0.0336 0.0440
Table 5.1: Summary of the relative abundances of the encapsulated phases and the quality of
fit indicators, extracted from the Rietveld refinement of the X-ray diffractogram in Figure 5.4.
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Table 5.2: The unit cell parameters of the various phases extracted from X-ray diffractogram
given in Figure 5.4.
Reflections from the encapsulated phases were analysed in terms of the following com-
ponents: α-NiFe (Im3̄m, ICSD Chemical Database Ref. 103560), γ-NiFe (Fm3̄m, ICSD
Chemical Database Ref. 632933), Ni3Fe (Pm3̄m, ICSD Chemical Database Ref. 103557)
and Fe3C (Pnma, Crystal Open Database Ref. 16593). The relative weight abun-
dances of the encapsulated phases obtained from this data are 72% of α-NiFe (Im3̄m),
12% of γ-NiFe (Fm3̄m), 7% Ni3Fe (Pm3̄m) and 9% Fe3C (Pnma). The lower angle
graphitic carbon peak, (1)C, corresponding to the 002 reflection from graphite (space
group P63/mmc, ICSD Chemical Database Ref. 53781), originate from the graphitic
walls of the multiwall carbon nanotubes, inter-wall spacing 0.34 nm [10]. The second
graphitic peak, (2)C, corresponds to the lattice spacing 0.33 nm (002 peak of graphite
hexagonal P63/mmc, ICSD Chemical Database Ref. 52230) of the graphitic shell of the
spherical particles that comprise the core of the radial structures [10].
Neither elemental peaks of Ni and Fe were observed nor evidence of their oxides were
observed in the diffractogram (Figure 5.4). Surprisingly, although a low content Fe3C was
observed but there was no evidence for the presence of Ni3C. The carbides of these metals
are considered to be essential intermediates for the growth of the carbon nanotubes. None
of the metal carbides (Fe3C or Ni3C) have been previously found and reported in the
encapsulated NiFe nanowires synthesized by conventional solid- and liquid-source CVD
method [34, 38, 39, 56, 68]. In addition, these reports neither comment on the absence of
metal carbides in the final product nor provide a description of the growth mechanism.
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The presence of Fe3C and the absence of Ni3C peaks in Figure 5.4 suggests the higher
catalytic activity exhibited by Fe compared to Ni [146]. Mordkovich et al. reported
the suppression of the catalytic activity of Ni as a result of competition between Ni and
Fe in NiFe catalyst particles and that the growth of carbon nanotubes is initialized and
dominated by Fe [146]. However, the uniform spatial distribution of Ni into Fe throughout
the encapsulated nanowire in EDX-STEM maps, Figure 5.5, suggests the likely possibility
of the carbon nanotube growth directly from a NiFe catalyst particle. Therefore, the
central core-agglomeration of the radial structures could be either composed of only
spherical Fe3C nanocrsytals or it could be composed of NiFe catalyst particles.
Figure 5.5: High-angle annular dark field (HAADF) image on the left and EDX-STEM maps
of the NiFe nanowire show the uniform spatial distribution of Ni into Fe in the nanowire
encapsulated by multiwalled carbon nanotubes.
The core particle was inaccessible by transmission electron microscopy owing to its
micrometer-scale dimensions. However, elongation is most likely due to the elongation of
the fluctuating eddies as result of lowering of the viscosity of the boundary layer through
multiple metallocene vapour usage [1].
PhD Thesis 134
An example of a continuous α-NiFe encapsulated nanowire detached from the core as
a result of ultrasonication is presented in the Figure 5.6. The nanowire was probed at
different locations by selective area electron diffraction patterns obtained from 160 nm
diameter areas within the broken circles shown in Figure 5.6 (A-D). The SAED patterns
revealed differing crystallographic orientations exhibited by the α-NiFe nanowire relative
to the nanotube, Figure 5.6.
Figure 5.6: Transmission electron micrograph of the encapsulated α-NiFe nanowire with
differing crystallographic orientations relative to the nanotube axis are indicated in the selective
area electron diffraction patterns (A-D). Each diffraction pattern is taken from the image-plane
electron beam areas of diameter 160 nm and are indicated by the broken circles. The highlighted
zone axes are also indicated in each pattern: (A) α-NiFe [113 ]bcc, (B)α-NiFe [1 1̄0 ]bcc, (C) α-
NiFe [102 ]bcc and (D) α-NiFe [102 ]bcc. The 002 C and 004 C reflections of the graphitic nanotube
walls correspond to an inter-wall spacing of 0.34 nm and agrees with the value calculated from
the Bragg peak labbled 1(C) in Figure 5.4.
High-resolution transmission electron micrographs showing graphitic enclosure features
in the internal cavity of the nanotubes exhibited by the encapsulated of γ-NiFe and α-
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NiFe, Figure 5.7. Black arrows are indicating graphitic enclosures in the internal cavity of
the nanotubes at room temperature. In literature, such features are generally observed
under high electron beam irradiation of the encapsulated nanowires, where growth of
carbon nanotubes occurs from a single crystal Fe-based nanowires in the host nanotube
at a specimen temperature of 600 ◦C [141, 147, 148]. The γ-NiFe reflection from (111)
crystal plane is oriented parallel to the nanotube axis inferred from the 002 C reflection
in the FFT (Figure 5.7(B)).
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Figure 5.7: (A-C-D) HRTEM images showing examples of nanowires encapsulated by mul-
tiwalled carbon nanotubes with graphitic enclosures in the internal cavity of the nanotube
(indicated by black arrows). (A) γ-NiFe nanowire, (B) is the FFT taken from the region within
the broken square in (A) along the [1̄01 ]fcc direction, (C) γ-NiFe nanowire having a jet-type
tip with graphitic enclosure and FFT shown in the inset is taken along [111 ]fcc direction from
the region within the broken square. (D) α-NiFe nanowire with carbon graphitizing from the
tip of the nanowire in the internal cavity of the nanotube indicated by a black arrow. Inset is
the FFT taken from the region within the broken square along [100 ]bcc.
Figure 5.8 (A) is an overview of an encapsulated α-NiFe nanowire. An HRTEM image
shown in (B) is obtained from the area within the broken circle in (A). The inset in
(B) is the FFT taken from the area within the broken square along [111 ]bcc direction.
The region enclosed by the two dashed ovals in Figure 5.8 (B) and (C) show the carbon
nanotubes walls are terminating at the ledges of the nanowire. Such observation is
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associated with the characteristic mechanism of low temperature post-synthesis catalytic
growth and nucleation of carbon nanotubes from catalyst facets [149]. From a closer
inspection of the (0 1̄1) crystal planes of the α-NiFe nanowire and the graphitic layers of
the nanotube, it can be seen that the two replaces each other (an oval region in Figure
5.8 (C)). Such features have been reported for α-Fe nanowire and is referred as faceting
and step bunching mechanism for catalytic growth [149]. These features could also be
useful to tailor the surface structure, surface chemistry, and surface magnetic properties
of the nanowires.
Figure 5.8: (A) TEM image showing overview of an encapsulated α-NiFe nanowire. (B)
HRTEM of the region within the broken circle in (A), FFT is taken from the square region
along [111 ]bcc direction showing the orientation of atomic planes and (C) is the zoomed-in
image showing the termination of the nanotube walls at the ledges of the nanowire, the two
ovals are guides to eye of this particular feature.
A TEM image of γ-NiFe encapsulated nanowire is presented in Figure 5.9 (A). The
SAED pattern is taken from the region within the broken circle (Figure 5.9 (B)) and
we identified it as γ-NiFe with a low-index zone axis [111 ]fcc. The 002 C reflection of
the graphitic carbon corresponds to a lattice spacing of 0.34 nm originated from the
inter-layer spacing of multiwalled carbon nanotube and is in agreement with the value
calculated from 1(C) reflection from graphitic nanotube walls in X-ray diffractogram,
Figure 5.4.
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Figure 5.9: TEM image of the γ-NiFe nanowire encapsulated by multiwalled carbon nan-
otubes. (B) Selective area electron diffraction pattern taken from the area within the broken
circle along the [111 ]fcc direction.
An example of a Ni3Fe encapsulated nanowire is presented in Figure 5.10. The inset
in Figure 5.10 is the FFT of the image taken from the region within the broken square
along the direction [111], it shows a set of low-intensity reflections from (1 1̄0) and (10 1̄)
corresponding to crystal planes of Ni3Fe with space group (Pm3̄m) and the 002 C of the
graphitic carbon reflection corresponds to 0.345 nm originated from the interlayer spacing
of the multiwalled carbon nanotube. No preferential orientation has been exhibited
relative to the nanotube axis indicated by 002 C.
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Figure 5.10: HRTEM image of the Ni3Fe nanowire encapsulated by a multiwalled carbon
nanotube. Inset is the fast Fourier transform taken from the region within the broken square.
The (1 1̄0) and (10 1̄) are low-intensity reflections in Ni3Fe [111], which are forbidden reflections
in γ-NiFe [111] and γ-Fe [111].
HRTEM investigations revealed the presence of γ-NiFe/Ni3Fe junctions in the encapsu-
lated nanowires, Figure 5.11. The junction is indicated by a black arrow. The inset (A)
is the FFT taken from the region within the broken square labelled A of the nanowire
along [1 1̄0 ]fcc direction and identified as γ-NiFe with space group (Fm3̄m). Inset (B)
is the FFT taken from the region within the broken square labelled B along the [1̄01 ]
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direction and identified as Ni3Fe with a space group (Pm3̄m).
Figure 5.11: HRTEM image of γ-NiFe/Ni3Fe junction in the NiFe nanowire encapsulated by
multiwalled carbon nanotubes, the junction is marked by a black arrow. (A) FFT of the image
taken from the region within the broken square-A, (B) FFT of the image taken from the region
within the broken square-B.
Figure 5.12 is an HRTEM image of an encapsulated nanowire containing a α-NiFe/γ-
NiFe junction. The insets (A) and (B) are the FFTs of the images taken from the areas
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within the broken squares labelled A, and that labelled B both along [111 ]bcc direction
and is identified as α-NiFe. Inset (C) is the fast Fourier transform taken from the region
within the broken square labelled C along [1̄01 ]fcc and is identified as γ-NiFe.
1 0  n m
1 0  n m
Figure 5.12: HRTEM image of an α-NiFe/γ-NiFe junction in a NiFe-nanowire encapsulated
by multiwalled carbon nanotubes, junction is marked by a black arrow. (A) and (B) are the
FFTs taken from the region within the broken square-A and B, both indexed as α-NiFe [111 ]bcc.
(C) FFT taken from the region within the broken square-C and is indexed as γ-NiFe [1̄01 ]fcc.
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5.2 Conclusion
From the microstructural analysis, we have found that NiFe nanowires crystallites are
mainly in the α-NiFe phase, γ-NiFe and a low content of Ni3Fe. The γ-NiFe/ Ni3Fe and
α-NiFe/γ-NiFe junctions are arranged sequentially. We also found an evidence confirming
the graphitic layers can grow from the atomic planes of a single-crystal nanowire. The
evidence from this study also provides a proof of uniform spatial distribution of Ni into Fe
throughout the encapsulated nanowire encapsulated by multiwalled carbon nanotubes.




Boundary layer chemical vapour synthesis has been extensively employed for the pro-
duction of radial structures comprising of Fe-based and NiFe nanowires encapsulated by
multiwalled carbon nanotubes. The work presented in this thesis has shown the pro-
duction of radial structures with high γ-Fe-content nanowires. Detail microstructural
analysis has provided a deeper understanding of the unknown microstructure and con-
cluded the first observation of α-Fe/γ-Fe junctions in the encapsulated nanowires. The
degree of substrate roughness was found to be a means of tailoring details of the structure
and composition of the encapsulated nanowires. Microstructural analysis of NiFe encap-
sulated nanowires revealed crystallites of α-NiFe, γ-NiFe and Ni3Fe exhibiting sequential
junctions γ-NiFe/Ni3Fe and α-NiFe/γ-NiFe of unknown magnetic response.
In the following specific conclusions concerning each chapter of the results are listed:
1. Radial structures with low and high γ-Fe-content nanowires
(i) Radial structures with high γ-Fe-content nanowires can be synthesised at ele-
vated temperatures.
(ii) We found that increase in γ-Fe-content of the nanowires increases the proba-
bility of formation of α-Fe/γ-Fe junctions.




2. First observation of α-Fe/γ-Fe junctions
(i) By analysis of the local microstructure we concluded that the γ-Fe crystallites in
iron-based nanowires encapsulated by multiwalled carbon nanotubes are stabilised
by dilute carbon alloying.
(ii) We also conclude that the first observation of α-Fe/γ-Fe junctions in the
nanowires is of the sequential type.
(iii) The α-Fe/Fe3C junction exhibit the Bagaryatski orientation relationship: [110 ]bcc
‖ [100 ]orth.
(vi) Indirect evidence suggests γ-Fe is in the antiferromagnetic state at low tem-
perature.
3. The role of substrate roughness in the boundary layer synthesis
(i) We have found that the degree of surface roughness used to produce iron-based
nanowires encapsulated by radial carbon nanotubes by boundary layer chemical
vapour synthesis can be used to tailor details of the structure and the composition
of the nanowires.
(ii) Lowering of the fractal roughness resulted in fewer radial carbon nanotubes,
unencapsulated rather than encapsulated Fe3C nanocrystals form the central core,
and a significant increase in α-Fe content with a corresponding decrease in Fe3C
content, while γ-Fe content remained unaffected.
(iii) The low-roughness substrate produces weaker, shorter-lived fluctuations in the
vapour flow therefore the nucleating particles do not become encapsulated, the
core agglomeration is smaller and the fewer instability points result in fewer radial
nanotubes. The length of the nanotube is determined by thermophoresis.
4. Microstructure of encapsulated NiFe nanowires
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(i) Boundary layer chemical vapour synthesis using multiple metallocene (ferrocene
and nickelocene) vapour has been successfully employed to synthesise radial struc-
tures comprising NiFe alloy nanowires encapsulated by multiwalled carbon nan-
otubes departing from central core agglomeration. This result provides an alterna-
tive route for production of encapsulated NiFe alloy nanowires.
(ii) From the microstructural analysis, NiFe nanowires have been mainly crystallised
in α-NiFe phase and γ-NiFe and a low content of Ni3Fe has also been observed.
The high volume fraction of α-NiFe nanowires encapsulated by MWCNTs exhibit
differing crystallographic orientations relative to the nanotube axis.
(iii) The absence of Ni3C and the presence of the Fe3C suggest lower catalytic
activity exhibited by Ni compared to Fe.
(iv) No elemental peak of Fe and Ni has been observed in X-ray diffractogram and
the absence of their respective oxides peaks confirm the absence of post-synthesis
non-encapsulated elemental traces of these elements.
(v) The appearance of 2(C) peaks corresponding to 002 graphitic interplaner spac-
ing 0.33 nm, confirm the presence of graphitic shell around the spherical particles
in core-agglomeration of the radial structures.
(vi) We have found an evidence confirming the graphitic layers growth from atomic
planes of the single-crystal α-NiFe nanowire.
(viii) The observation of sequential type junctions in the encapsulated nanowires;
γ-NiFe/ Ni3Fe and α-NiFe/γ-NiFe are of unknown magnetic response.
(ix) EDX-STEM analysis confirmed uniform spatial distribution of Ni into Fe
throughout the nanowire encapsulated by multiwalled carbon nanotubes and this
particular feature of NiFe nanowires is useful for tuning the Curie temperature of
these alloys through relative concentration of Ni and Fe.
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The first observation of sequentially arranged α-Fe/γ-Fe junctions is a new attribute of
suitability and usefulness of the revealed microstructure of the encapsulated nanowires for
magnetocaloric application in addition to the previously known attributes of the radial
structures. Indirect evidence from magnetisation measurements presented in this work
suggests that γ-Fe is in the antiferromagnetic state at low temperature. But the exact
magnetic state of γ-Fe cannot be confidently determined from this measurement. There
is a need to know the exact magnetic state of the γ-Fe, whether it is ferromagnetic, anti-
ferromagnetic or non-magnetic. A useful approach would be to determine the magnetic
state of γ-Fe and response of the α-Fe/γ-Fe junction using magnetic force microscopy or
electron holography and this is a part of the future work. The junctions γ-NiFe/ Ni3Fe
and α-NiFe/γ-NiFe in NiFe nanowires are also of sequential type, but with unknown mag-
netic state of the individual phases and the unknown magnetic response of the junctions.
These junctions might be useful for future potential applications once the magnetic state
of the individual encapsulated phases and the junctions response is unveiled.
Chapter 7
Future work
Magnetic force microscopy measurements would be very useful to detect the magnetic
state of various encapsulated phases and in particular the magnetic state of γ-Fe, i.e.
whether it is ferromagnetic, antiferromagnetic or nonmagnetic. Using MFM measure-
ments, an individual Fe-based nanowire could be probed. The presence of α-Fe/γ-Fe
junctions would be confirmed by an abrupt change in magnetization across the junction
provided that the magnetic state of the two phases are different.
Off-axis electron holography can be used to reveal the micromagnetic structure and study
the magnetic properties of encapsulated nanowires. The magnetic induction maps need
to be recorded from individual nanowires to identify α-Fe/γ-Fe junctions. This technique
provides high spatial resolution and quantitative magnetic information that cannot be
obtained through MFM and magnetometry [150].
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[89] T. Mühl, D. Elefant, A. Graff, R. Kozhuharova, A. Leonhardt, I. Mönch,
M. Ritschel, P. Simon, S. Groudeva-Zotova, and C. Schneider, “Magnetic prop-
erties of aligned Fe-filled carbon nanotubes,” Journal of applied physics, vol. 93,
no. 10, pp. 7894–7896, 2003.
[90] M. Lutz, U. Weissker, F. Wolny, C. Müller, M. Löffler, T. Mühl, A. Leonhardt,
B. Büchner, and R. Klingeler, “Magnetic properties of α-Fe and Fe3C nanowires,”
in Journal of Physics: Conference Series, vol. 200, p. 072062, IOP Publishing,
2010.
[91] U. Weissker, M. Löffler, F. Wolny, M. U. Lutz, N. Scheerbaum, R. Klingeler,
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